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NOMENCLATURE
Av cross-sectional area of vapor flow passage;
Al cross-sectional area of liquid flow passage;
C specific heat;
Dv diameter of vapor flow passage;
E energy;
e electron charge 1.6×10-19As;
g gravitational acceleration;
hfg latent heat of vaporization;
K thermal conductivity;
L Luminosity;
La length of the adiabatic section;
Lc length of the condenser section;
Le length of the evaporator section;
m mass flow rate;
NA Avogadro’s number 6.022×1023mol-1;
P pressure;
Pcr pressure at the critical point;
Ptr pressure at the triple point;
Pv vapor pressure;
Q heat transfer rate;
R universal gas constant;
r radius;
Re Reynolds’ number;
S entropy;
T temperature;
Tcr temperature at the critical point;
Tc condenser temperature;
Te evaporator temperature;
Tsat saturation temperature;
Ttr temperature at the triple point;
V velocity;
Greek symbols
µ Viscosity;
θ inclination angle to the horizontal;
ρ density;
σ liquid surface tension;
ppσ      Reaction cross section (barn)
Subscripts:
Ag silver;
Al aluminum;
Cu copper;
eff effective;
HP heat pipe;
l liquid;
tr triple point;
v vapor;
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ZUSAMMENFASSUNG
Am COSY Beschleuniger des Forschungszentrums Jülich wird ein Flüssig-Wasserstoff/-
Deuteriumtarget in den externen Experimenten TOF, GEM und MOMO eingesetzt. Durch
die Kombination eines eng kollimierten Strahles mit ≈1mm Durchmesser mit dem sehr
kleinen Target wird der Wechselwirkungsort auf wenige kubik Millimeter festgelegt. Um
Sekundärreaktionen auf ein Minimum zu reduzieren, sollte die Targetzelle so wenig
zusätzliches Material wie möglich zwischen eigentlichem Target und Detektor einbringen.
Deshalb wurden Targetzellen mit extrem dünnen Wänden über einen Galvanisierungsprozeß
hergestellt. Der bislang aus Kupfer gefertigte Kondensor besteht mittlerweile aus Aluminium.
Dadurch konnte der Materialaufwand von 100 g auf 20 g reduziert werden. Gleichzeitig
konnte die Zeit zum Abkülen des Kondensors von Zimmertemperatur (300 K) auf die
Temperatur flüssigen Wasserstoffs bzw. Deuteriums (ca. 16 K) von 52 auf 38 Minuten
verringert werden.
Das Verbindungsrohr zwischen Kondensor und Targetzelle wurde im Durchmesser von
16 mm auf 7 mm weiter verengt, wodurch 30% an Material eingespart werden konnte und die
Abkühlzeit des Wärmerohrs von ursprünglich 18 Minuten auf nunmehr 8 min verringert
wurde. Am Kondensor wurde ein Durchmesser von 16 mm beibehalten, um eine genügend
große Kontaktfläche zu gewährleisten. Das 7-mm-System hat geringere Wärmekapazität,
eine höhere Wärmeleitfäligkeit, fängt wegen der verkleinerten  Oberfläche weniger
Wärmestrahlung aus der Umgebung ein und besitzt eine höhere Dampfgeschwindigkeit  im
engeren Rohr, wodurch das System schneller und empfindlicher auf die geregelte Heizung
reagieren kann.
Sowohl für TOF als auch den in Aussicht gestellten WASA Detektor aus Uppsala wurde
ein Targetsystem mit einem 200 cm langen Wärmerohr (mit7 mm Durchmesser) entwickelt
und mit den vier Standardgasen H2, D2, N2 und CH4 getestet. Um jeweils 9,45 l Gas bei 228
mbar von 300 K auf die benötigte Endtemperatur abzukühlen, wurden Zeiten von 107, 200,
54 und 38 min erzielt. Auch hier zeigte sich der Vorteil des engeren Rohrdurchmessers:  für
H2 wurde bei Verwendung eines 16 mm Rohrs eine Zeit von 320 min gemessen gegenüber
nur 107 min  bei einem Durchmesser von 7 mm. Kennkurven wurden für die drei Gase H2,
N2 und CH4 unter Gleichgewichtsbedingungen aufgenommen. Der Einfluß von
Arbeitstemperatur und Wärmebelastung auf  die Temperaturdifferenz zwischen Verdampfer
und Kondensorende des Verbindungsrohrs einerseits und die effektive thermische
Leitfähigkeit andererseits wurde untersucht.
Es wurde ein Weg gefunden, die Temperaturschwankungen der Kühlmaschinen von 0,4
K auf ca. 0,14 K zu reduzieren, was insbesondere bei Verwendung von Flüssigdeuterium als
Targetmaterial von großer Bedeutung ist. Dazu wurden Thermalwiderstände zwischen
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Kühlkopf und Kondensor eingebracht  und durch kontrolliertes Gegenheizen die
Schwankungen verringert.
Es wurde ein kaltes D2-Gastarget entwickelt und in ersten Tests erprobt. Es ist so dünn,
daß Reaktions- (Spektator-) Protonen mit Energien um 1 MeV, wie sie in quasifreien pn-
Reaktionen an Deuterium auftreten, den Targetbereich fast ungestört verlassen und somit
nachgewiesen werden können. Es wurde eine doppelwandige Zelle verwendet, deren Inneres
mit gasförmigem Deuterium, der umgebende Mantel aber mit Flüssigwasserstoff gefüllt
werden konnte. Der Deuteriumdruck konnte stabil bei 200 mbar gehalten werden, was
weiterhin den Einsatz der extrem dünnen Fensterfolien ermöglicht. Die Dichte des kalten D2-
Gases wird dabei um den Faktor 14 gegenüber Zimmertemperatur angehoben. Der
Energieverlust von 1 MeV Protonen in einer 7 mm dicken Zelle dieser Bauart beträgt dabei
nur 10%.
Um stabile und benutzerfreundliche Manipulationen der COSY TOF
Vakuumkomponenten zu ermöglichen wurde ein automatisches Kontrollsystem entwickelt
und installiert, das auf den Software-Paketen SIMATIC S7 und WinCC basiert. Das System
erlaubt verschiedene Betriebsarten und stellt die nötigen Sicherheits-Interlocks zur
Verfügung. Denkbare Erweiterungen des Vakuumsystems sind berücksichtigt. Meßdaten und
Kontrollabläufe werden archiviert.
Auf der Suche nach schnellen Vakuumlecksensoren im COSY TOF Detektor und im
letzten Stück des Strahlrohrs zum COSY Ring haben sich Electret Mikrophone als
zuverlässig und empfindlich erwiesen. Sie sind um einiges billiger und um drei
Grössenordnungen schneller als herkömmliche Vakuum-Meßgeräte. Bei federgehaltener
Aufhängung und einer Dämpfungsmasse von 10g konnte ihre Empfindlichkeit gegen
mechanische Schocks und pumpenbedingte Vibrationen um mehr als eine Größenordnung
verringert werden.
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ABSTRACT
A liquid hydrogen/deuterium target is used at COSY of the FZ-Jülich in the external
experiments TOF, GEM and MOMO. The combination of 1mm diameter beam from COSY
with the small target provides the necessary very well defined interaction vertex within few
mm3. The target liquid is made on a cooled condenser and guided through a central tube
assisted by gravitation into the target cell. There the liquid is kept below boiling temperature
by evaporation cooling. The vapor rises up to the condenser through a very well isolated
concentric center tube. This circulation provides a stable dynamic equilibrium. The target
container should have as small as possible material between the reaction volume and the
detectors in order to minimize secondary interactions of reaction products. In order to reduce
unnecessary material, a very thin target cell is fabricated by galvanization technique. An
aluminum condenser is now used instead of copper. This decreased the material from 100 g
to 20g. It provides better thermal properties and performance. The cool down time from 300K
to LH2/LD2 is improved to 38 minutes instead of 52 minutes for copper.
A 7mm-diameter HP (heat pipe) has been developed instead of the previously used
16mm-diameter one. The diameter of the condenser part stayed 16 mm to keep enough
condensation area. The HP material was decreased to 70%. The cool down time of the 7mm
HP is reduced to 8 minutes instead of 18 minutes for 16mm HP. The 7mm system has lower
heat capacity, higher heat transfer rate, lower heat radiation from the surroundings due to the
smaller surface and higher vapor speed that makes the HP response to the thermal load
changes in the evaporator area faster and more sensitive.
For the TOF and WASA applications at COSY, a 200cm long-7mm diameter HP is
developed and tested under the maximal filling condition (9.45 liter at 228 mbar) with our 4
working gases. The cool down times are 107, 200, 54 and 38 minutes for H2, D2, N2 and CH4
respectively from 300K until the working condition. The LH2 cool down time of the 7mm
tube of 107 minutes can be compared to 320 minutes for the old 16mm diameter tube.  The
characteristics at steady state operating conditions have been measured for H2, N2 and CH4 as
the working fluids. The effect of the operating temperature and the heat loads on the
temperature differences between the evaporator and the condenser ends of the heat pipe and
the effective thermal conductivity was investigated.
A solution has been developed to decrease the condenser temperature fluctuations from
≈0.4K to ≈0.14 peak to peak at LD2 temperature. Thermal resistances between the cooling
machine and the condenser of the heat pipe combined with controlled heating give sufficient
temperature stability.
A cold D2 gas target has been designed and developed, which is so thin that spectator
protons with energies ≤ 1 MeV can be well measured (in quasi-free pn reaction on
-X-
deuterons). A 7mm-diameter HP is used to fill a cooling jacket around the D2 gas cell with
LH2. The D2 gas is stabilized at 200 mbar to allow for thin windows. Its density is increased
by factor 14 compared to room temperature. A 7mm-thickness gas cell reduces the energy of
1 MeV spectators only 10%.
For simple and stable operation of the TOF vacuum components, an automatic control
system (ACS) based on SIMATIC S7 and WinCC has been built and the necessary software
was developed. The ACS allows for different operation modes and provides safety interlocks.
After careful tests, it is now in operation in TOF. It allows for future extensions of the
COSY-TOF vacuum components. It is able to archive the data over long time periods in
archives, it shows the last 30 minutes and has a user-friendly interface.
Electret microphones as fast leak sensors for the TOF vacuum system and the beam pipe
between the TOF and the COSY ring are proven to be fast and sensitive. They are much
cheaper and three orders of magnitude faster than the normal vacuum measurement devices.
Using a soft suspension with a 10g damping mass reduced their sensitivity to mechanical
vibrations of the vacuum system and mechanical shocks.
Chapter (1) Introduction
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1. Introduction
1.1 The COSY Facility
The COoler SYnchrotron COSY in Jülich (Research Center Jülich) is the youngest of a new
generation of proton accelerators with phase space cooling. It started operation end of 1993. It
provides unpolarized and polarized beams with momenta up to 3.7 GeV/c (per unit charge) for
high precision proton-proton and proton-nucleus interaction studies. The accelerator system
consists of ion sources, the injector isochronous cyclotron JULIC, the 100m long transfer
beam line to the ring, the Cooler Synchrotron with a circumference of 184 m, and three
extraction beam lines serving external experiments. Fig. (1.1) shows the floor plan of the
COSY facility.
For particle injection into the cyclotron two unpolarized −H and a polarized −H ion sources
are available. The intensity of the polarized beam is 20 µA at the source exit with a measured
polarization of 85%.  For the unpolarized −H ions, intensity around 10 µA is obtained at the
exit of the transfer beam line. The −H  ions from the cyclotron are fed into the ring via
stripping injection. The race track geometry of the ring is formed by two 40 m long straight
sections joining the arcs. The straight sections contain accelerator specific components, the
accelerating RF cavity, the electron cooler, scrapers, the stochastic pick up and kicker tanks,
Schottky pickups and current monitors, there is also space for the internal experiments ANKE,
EDDA and PISA. Each of the arc sections has a length of 52 m, they are composed of three
identical elements having mirror symmetry. A half-cell has a QF-bend-QD-bend structure
with the option to interchange focussing-defocusing to widen the tuning range. Bumper
magnets for stripping injection and for extraction, as well as the electrostatic and magnetic
septum, are located in one arc section. The other one contains besides diagnostics and ultra-
slow extraction kickers the internal experiment COSY11. For closed orbit corrections 30
horizontal and vertical position monitors and 40 correction dipoles are installed. The extracted
beam is guided to three external experiments, the large magnetic spectrometer BIG KARL, the
Time-Of-Flight spectrometer TOF and JESSICA (a spallation neutron target experiment).
Phase space cooling provides high brilliance (small divergence and small diameter) internal
and external beams.
Internal target operation allows for high luminosity on extremely thin targets because the
stored beam particles circulate about 106 times per second through the targets.
Superslow resonance extraction with stochastic feeding produces extremely small external
beams with an excellent duty factor. The detectors are made to allow for kinematically
complete multiparticle measurements. Especially TOF has nearly full solid angle coverage.
One tries to make “massless” detectors, which don’t absorb or disturb the reaction products.
Precision needs high statistics, excellent energy resolution and excellent angular resolution.
Statistical precision is obtained by high rates of useful events and this needs reasonable
luminosity. For good-energy resolution on an external beam a low value of momentum sprad
∆p/p and a thin target with small energy loss ∆E is needed. COSY with electron and stochastic
Chapter (1) Introduction
cooling provides ∆p/p <10-4. External beams in combination with few mm thick LH2/LD2
targets and high acceptance detector systems allow for very good precision in multi-particle
reaction studies. The angular resolution is limited by the interplay of beam emittance and the
target-detector distance. The smaller the beam emittance and the smaller the beam-target
overlap volume the shorter the detector in principle can be for a desired angular resolution
[1,2].
F
T
LH2/LD2
target is
usedig. (1.1) The floor plan of the COSY accelerator complex showing the external experiments
OF and BIG KARL (GEM and MOMO) where the liquid hydrogen/deuterium target is used.-2-
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It is an important advantage of a cooled beam that one can use small micro vertex detectors
and one can have very track reconstruction. Very important is this minimization especially in
experiments with strange particles. The (Λ→ p+π− or K0s →π+ + π−) decays are delayed and
occur few centimeters after the target. A small target region allows for detectors so close that
the very characteristic decay patterns can be geometrically reconstructed.
The goal of this thesis was to improve further the LH2/LD2 targets. They are used so far in the
BIG KARL and the TOF spectrometer.
1.2 The BIG KARL Spectrometer
BIG KARL (fig. (1.2)) is a large focussing magnetic spectrometer (3Q.2D.Q (Q= quadruple,
D= dipole)). It has a geometrical acceptance of ∼10 msr and a momentum window of ∆p/p ∼ ±
4% for momenta up to 1.1GeV/c per charge unit. The focal plane is equipped with drift
chambers that allow track reconstruction and scintillator hodoscopes that give time of flight
and energy loss information.
Fig. (1.2) Sketch of the target system at the BIG KARL spectrometer.
At the BIG KARL spectrometer two different experiments are being performed alternatively:
GEM (GErmanium wall and Magnetic spectrometer) and MOMO (MOre Mesons Online)
[2,3]. The GEM experiment extends the BIG KARL acceptance by an additional Germanium
detector system. The arrangement is designed for high resolution studies of pionic atoms,
which will be produced in recoilfree kinematics with the pn→ppπ- reaction replacing a target
neutron in a direct reaction by a π- at rest. Other reactions studied at GEM are:
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p p → d π+, p p π0 , p p η`, pΛK+
p d →  3H π+, 3He π0, 3He η.
The MOMO experiment extends the BIG KARL acceptance with a scintillating fiber
hodoscope. It is a detector for the measurement of charged meson pairs in the reactions:
p d→3He π+ π-, and p d→3He K+ K-
The BIG KARL spectrometer is used for the momentum analysis of the 3He and the vertex
detector gives the direction of the charged mesons. With the known momentum of the beam,
the system is twice over constrained and therefore kinematically fully known  [2,4,5].
1.3 The Time Of Flight (TOF) Experiment
The TOF experiment is an external, large acceptance Time Of Flight spectrometer. It is a
modular system of several rotationally symmetric scintillator hodoscopes in vacuum. Up to
three barrel elements can be combined with two planar front hodoscopes of 1.16 m and 3m
outer diameter, providing very large solid angle coverage without holes.
Fig. (1.3) shows the TOF spectrometer in a 3 m long version. The maximal flight path in
vacuum can be more than 8 m. The central part of the endcap is a quirl detector. As a start
detector a very thin-segmented scintillation detector is used directly behind the target.
Fig. (1.3) The time of flight spectrometer  (TOF), shown is the high vacuum section
with the cryogenic target (left) and the big vacuum tank with scintillator hodoscope
layers inside and the energy calorimeter at the end (right).
Chapter (1) Introduction
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Recently the ring detector and one of the barrel elements were added. The liquid cryogenic
target with it’s very small amount of inactive material and thin beam windows of only 0.9 µm
Mylar is installed at the entrance of the TOF tank in a section with high vacuum of ≈ 10-7
mbar.
At the beginning a solid target made of polyethylene ((CH2)n) was considered. A 2.6 mm thick
polyethylene foil has the same area density of hydrogen atoms as a 4 mm liquid hydrogen cell.
For many reactions however the production on carbon can’t be separated from the production
on hydrogen.  On the carbon contamination also energy and angle straggling are larger. Hence
liquid hydrogen or deuterium targets were developed and are used now routinely [2,6,7]. The
following are reactions are studied with the TOF spectrometer:
p p → p K+Λ, pK+ 0, pK0s +  , n K+ +,
p p → p p, p pγ, p p π0, p p η, p p η´
     p p → p n π+ , d π+, p p π+ π - , p p ω 
       p d → 3He η, 3He η´, 3He ω
    d p → p p p π-
1.4 Requirements for the LH2 Target
At the COoler SYnchrotron COSY interactions of protons in the GeV energy range with target
nuclei are studied. For experimental reasons it is important that as many interactions as
possible occur in a target volume as small as possible. As a consequence the COSY beam
should be as small as possible and the density of the target material should be high.
For hydrogen isotopes this means that one has to use liquid instead of gaseous hydrogen or
deuterium. The target length has to be a compromise between energy resolution limited by the
energy loss in the target (thick target → bad resolution) and statistical precision (thick target
→ more counts).
The available beam intensity (n= number of particles per second) and the target thickness
(density ⋅ length⋅ NA (Avogadro’s number)= target particles per unit area) define the
luminosity L (reaction⋅s-1⋅cm-2) which is a characterization for the experimental situation.
            L = n⋅ ρ ⋅ d ⋅ NA                                                        (1.1)
The number of protons per cm2 in a 4mm thickness LH2 target is:
 0.4 cm     .      70 x 10-3 g/cm3      .       6.02 x 1023 /g   ≈ 1.7 x 1022 /cm2
With a beam of 109 protons per second one gets a luminosity on 4mm LH2 target of:
Thickness Density Avogadro’snumber
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L=1.7 x 1022 cm-2 . 109 s-1 ≈ 1.7 x 1031 cm-2 s-1
For pp scattering the total reaction rate R= L ⋅σpp where σpp is the cross section of proton-
proton interaction. It depends on the collision energy between the beam and the target protons.
σpp is a measure of the size of the proton. One can consider it as a black disk with about 20 to
40 mbarn (20.0 x 10-27 to 40.0 x 10-27 cm2) at beam momentum above 800 MeV/c. The unit of
cross section is barn = 10-24cm2. Fig. (1.4) shows the total and elastic cross sections for pp
collisions as a function of laboratory beam momentum. The COSY range is between 800
MeV/c to 3700 MeV/c). in this range inelastic processes become important. The elastic cross
section decreases and meson production processes with many particles become important.
They are the scientific goal of COSY.
The detector systems collect and measure these events. The detectors should cover the full
solid angle and accept the full momentum range of reaction particles. The target construction
must avoid heavy parts in the reaction area, which would absorb particles or distort their
tracks (make a “shadow”).
The liquid hydrogen/deuterium target is used at COSY Jülich in the experiments TOF, GEM
and MOMO. The combination of the narrow beam from COSY with spot size of less than
1mm diameter and a small target length is very important. It provides a small interaction
volume so that the interaction vertex is quite well defined. This is the basis for a high quality
kinematical reconstruction and understanding of the reactions. A small target volume also
Momentum GeV/c800
MeV/c
COSY Momentum range
Fig.(1.4) the total and elastic cross sections for pp collisions as a function of laboratory beam
momentum [99], COSY covers the range where inelastic meson production reactions become
important.
4.0
GeV/c
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reduces systematic errors due to multiple Coulomb scattering and secondary interactions in
the target. A well-defined interaction vertex is particularly helpful in experiments with strange
particles. One can trigger on the delayed, charged decays (Λ→ pπ− or K0s →π+ π−) occurring a
few centimeters after their production in the target. The target length should for that reason be
much smaller than the decay length of few centimeters [8-13].
Special requirements for the target system are:
(1) It has to stabilize the target temperature within ±0.05 K in the range of liquid
hydrogen/deuterium,
(2) The windows for the beam inlet and exit through the target cell have to be very thin but
nevertheless planar,
(3) The target thickness has to be well defined. Therefore, the target liquid should have
homogenous density without any bubbles,
(4) The time needed for large temperature changes during cooling down to the working
temperature or heating up to the room temperature has to be as short as possible,
(5) The cooling system with all heat conductors have to occupy minimum space and
minimum solid angle. There must be minimum mass in the target region in order to
reduce background events and shadowing effects on reaction products before they can
reach detectors.
In an earlier version of the target [12], copper heat conductors between the cooling machine
and the target region were used. The cooling rate is determined by the available cooling power
and the heat capacity of the heat conductors and targets. Different heat conductor materials
(Aluminum, Silver) were tested [14, 15]. The shortest cooling down and heating up times
were obtained with aluminum (best conductor). It had the lowest heat capacity and high
thermal conductivity. Big improvement was achieved by changing from metallic conduction
to heat transfer by convection in heat pipes [16,17]. Evaporation and condensation of a
working medium at different ends of a tube is used to transport a large amount of heat [18,
19]. These are the advantages:
(1) Ability to transport heat at high rate over a considerable distance with extremely small
temperature drop,
(2) No external pumping power to drive the convection is required,
(3) Light weight and small size,
(4) Responds much faster to changes in heat load than metallic conductors,
(5) Controlling of the working conditions is easy because the position in the phase diagram
(liquid – gas transition for example) is seen and regulated fast and with accuracy.
(6) The amount of heat that can be transported as latent heat of vaporization is usually several
orders of magnitude larger than that, which can be transported in a metallic conductor,
(7) heat pipes are save against control errors (freezing or condensing)
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A 16 mm diameter heat pipe was tested and used successfully [14, 15]. To improve the
performance of the target and decrease the cool down time, we used a condenser made from
aluminum instead of a copper. The influence of the diameter of the heat pipe on the target
parameters was studied with using 7mm diameter instead of the 16mm diameter heat pipe. We
achieved even better performance and further reduction of the material in the reaction area.
In this work we solved the problem of condenser temperature fluctuations. They have bad
effects especially when using deuterium.
Cryo targets need high vacuum (10-7 mbar) in order to avoid condensation of rest gases on the
target windows, which would make background reactions. We prevent them with regular
(every 2 days) heating of the target cell region. For a stable vacuum environment, we built a
new Automatic Control System (ACS). It monitors the TOF vacuum components and the
operational situation. It provides continuously a protocol of the situation. It has software
safety interlocks, which prevent false operation steps. We used SIMATIC S7 software and
hardware.
The target normally runs over several weeks safely and stable. The liquid temperature is kept
slightly above freezing temperature  (far below liquefaction temperature) in order to avoid
bubbling in the target cell.
1.5 Heat Pipes
The heat pipe is one of the most efficient methods for transmitting heat. In principle it is a
closed tube, which has an evaporator and condenser section where a working fluid evaporates
and condenses. They are connected by a transport (or adiabatic) section that may bridge large
distances. Heat applied to the evaporator section by an external source vaporizes the working
fluid. The resulting vapor pressure drives the vapor through the adiabatic section to the
condenser, where the vapor condenses, releasing the latent heat of vaporization to the heat
sink. The condensed liquid flows back to the evaporator section for re-evaporation. The
movement of the working fluid transports the thermal energy from the evaporator section
(where cooling is wanted) to the condenser section (where the heat is removed). It is the
liquid-gas phase transition which absorbs and releases the heat at high rate over a small
temperature gradient in an arrangement with small size and low mass [16-19].
Heat pipes have been applied to a wide variety of thermal processes and technologies. In
aerospace technology, the heat pipes have been used successfully in controlling the
temperature of vehicles, instruments and space suits. Other cooling applications include
turbine blades, generators, motors, isotope collectors in nuclear reactors, heat collection from
exhaust gases, solar and geothermal energy. Cryogenic heat pipes have been applied in the
electronics industry for cooling various devices (e.g., infrared sensors, integrated circuit chips,
transistors, and parametric amplifiers) and in the medical field for cryogenic eye and tumor
surgery [16].
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1.5.1 Types of Heat Pipes
There are different methods to make sure that the circulation of the liquid and gas flow
doesn’t disturb each other. Capillary, gravitational, centrifugal, electrostatic, and osmotic
forces can be used to return the liquid from the condenser to the evaporator.
Capillary Driven Heat pipe
The capillary driven heat pipe consists of a sealed container in which a wick is placed on the
inner surface of the pipe wall [16-18]. The wick is a porous material used to generate the
capillary forces that guide the fluid circulation. This allows working in every position,
independent of gravity. A schematic drawing is shown in fig. (1.5). These heat pipes can have
different geometry like annular (cross section of the vapor space is annular instead of circular)
or flat plate (a rectangular shape) [83]. Heat input to the evaporator section evaporates the
liquid from the wick. The vapor then enters the transport space and travels to the condenser
section due to the pressure difference between the evaporator and the condenser. Heat removal
from the condenser causes the vapor to condense releasing its latent heat of vaporization. The
condensate is then guided back to the evaporator section by the capillary force.
Rotating Heat Pipe
In the rotating heat pipe the condensate is conducted to the evaporator by means of centrifugal
force [16-18]. The rotating heat pipe consists of a sealed hollow shaft, having a slight internal
taper along its axial length, and containing a fixed amount of working fluid. The rotation
around  the axis will cause a centrifugal acceleration ω2r with a component ω2r sinα along the
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Fig. (1.5) Schematic drawing of a capillary heat pipe showing the principle
of operation and circulation of the working fluid.
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wall of the pipe. This force will cause the condensed working fluid to flow along the wall
back to the evaporator section. The rotating heat pipe is obviously applicable to rotating shafts
having energy dissipating loads, for example the rotors of electrical machinery, rotary cutting
tools, heavily loaded bearings and the rollers of presses.
Gravity-Assisted Heat Pipe
The gravity-assisted heat pipe (thermosyphon) is also a two-phase flow closed system [16-18,
33, 84-88]. The condenser section is located above the evaporator (fig. (1.6)). The condensate
is falling down towards the evaporator by the gravity. The wick structure is normally used as
well in order to separate the gas and liquid flow.
Fig. (1.6) the principle set-up of a gravity-assisted heat pipe
In our solution of a gravity assisted heat pipe, there is a central tube, which guides the cold
liquid from the condenser to the evaporator without friction with the back streaming vapor.
The cold liquid is guided in the region, which is best isolated from outside heat leaks.
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2. State of the Art
2.1 Literature about Liquid Hydrogen/Deuterium Targets
Over the last years, several developments have taken place for the liquid hydrogen/ deuterium
targets for the external COSY experiments. A new solution to make very thin target windows
was developed [8,9], using a soft elastic reservoir with a weight on its top ensuring a constant
and small pressure difference across the target windows. Reservoir and target cell are
connected making a closed system which contains a fixed and very small amount of
hydrogen, sufficient to fill the target cell with liquid.
Jaeckle [10] studied early versions of the target cell and developed the design, which is still
used at present with the 20-30 µm thin galvanically deposited Cu walls. It has a typical
hydrogen thickness of a few millimeters, optimized for use in intermediate energy physics in
the external COSY-experiments (TOF/BIG KARL) with low emittance particle beams.
Nake [11] developed the target appendix for better heat convection. He studied the curvature
of the target windows by determination of the focal length of the LH2 between the bent
windows and checked the target liquid homogeneity by the Schlieren method.
Hassan et al. [20] built a fast heating system at the end of the target appendix for removing
condensates from the target windows without heating the rest of the system. Solid copper
conductors of 600-g weight have been used between the cryogenic machine and the target
cell. This system needed 3 hours to cool down to liquid hydrogen temperature mostly due to
the heat capacity of the copper conductor.
Abdel-Samad et al. [14] studied the use of aluminum and silver material instead of copper
conductor between the cooling machine and target. Fast cool down time has been achieved by
using aluminum conductors. They developed a new target version with very short metallic
heat conductors and extreme elongation of the target appendix as a long gravity assisted heat
pipe section. The target material is used as a heat transport medium over long distances and
high heat transfer is achieved by liquid-gas circulation. This design reduced the weight and
the cool down time in the standard 32-cm long target finger to ≅ 10 g and 70 minutes in case
of LH2. Also successful was the development of 200-cm long target with 16mm diameter heat
pipe. The cool down time for LH2 is 5 hours and the temperature difference between the
condenser and evaporator ≅ 0.5 K that did not allow liquefying LD2.
Schneider [21] described a new control system for the target parameters. LabView software
was used and a new control box was built.
Liquid hydrogen targets are also used in many other laboratories in general with higher beam
energy. They are much larger and have thicker windows. The Juelich target is the smallest
and by far the lightest. There are some technical solutions in the other targets concerning
suppression of bubbles and improving the convection cooling which are interesting for us.
Mark [23,24] described a 65cm long liquid hydrogen target constructed for the use in the high
intensity electron beam at the Stanford Linear Accelerator Center (SLAC). The heat load from
the beam is very high. He discussed the design requirements, construction and operating
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experience. He added some improvements in the safety, automation and suppression of target
bubbling.
Bell et al. [25] described improvements of the convection cooling in the SLAC target by
adding a small axial fan submerged in the liquid hydrogen.
Hoenig [26] made improvements for 50 cm3 liquid hydrogen targets used at the Cambridge
electron accelerator. Setting up a thermal convection loop eliminated the local boiling in the
target, which circulates the liquid through the target under a static pressure of liquid column
and vaporizing it above the target vessel.
Kalantar N. et al [90] described a liquid hydrogen /deuterium target with very thin synthetic
foil window. The target has been used for nuclear physics experiments in medium energy
proton and alpha beams. A 4 µm thick Toray Aramid foil has been selected to allow low
energy particles to get out of the target and to have very little background.
2.2 Relevant Literature about Heat Pipes
For the Juelich cryogenic target we are now using heat pipes. A gravity assisted heat pipe is
an attractive device (fig. (1.6)) [16-19]. While high temperature heat pipes have been studied
extensively, work on heat pipes working below 150 K is relatively scarce.
S. Abdel-Samed et al [14] developed a 16 mm diameter - 32 cm long gravity assisted heat
pipe for the Juelich cryo target. They used the H2, D2, N2 and CH4 as the working fluid. The
target material is used as the heat transport medium. They studied the cool down time, the
temperature difference between the condenser and evaporator, and the effective thermal
conductivity. They developed a 200 cm long –16mm diameter heat pipe.
Hahne and Gross [29,30] performed an experimental investigation on a gravity assisted heat
pipe in order to observe the effect of the inclination angle on the transport behavior. They
used Freon-12 as a working fluid. The maximum heat flow rate proved to be dependent upon
the inclination, the largest value at 40 degree to the horizontal.
Prenger et al. [31] and Nakano et al. [32] studied the performance and the heat transfer
characteristics of a nitrogen heat pipe over a dynamic range, 60 to 77 K and obtained the
maximum heat transfer rate.
Rohana et al. [34] developed a cryogenic loop heat pipe for superconducting magnets. It was
the first time that a loop heat pipe functioned below the liquid nitrogen temperature level 77K.
K. S. Ong et al [37] described the start up and cooling down of thermosyphon elements in a
heat pipe heat exchanger system. They used Freon-22, Freon-134a and water. The effects of
different filling ratios, evaporator-condenser temperature differences and ratios of evaporator
to condenser lengths were determined.
Hill et al. [38] tested small diameter gravity assisted hydrogen heat pipes with performance
limits as a function of tilt angle and working fluid inventory. The outside diameter of the
tested heat pipe was 6.35 mm and the length was 150 mm. The filling pressure was 172 bar at
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room temperature. The maximum performance limits were observed at inclination angles near
60 degree and evaporator fill volume of 45 %.
Philip and Aleck [45] reported on study of a liquid nitrogen heat pipe in the range of 78 K to
90 K. They described a new concept in wick fabrication. They compared the experimental
results with the analytical prediction.
Bilegan and Fetcu [48] carried out experimental investigation of the heat transfer
characteristics of gravity assisted aluminum extruded heat pipes to determine the optimum
heat transfer rates using Freon-12 as working fluid. He used the operating temperature, the
inclination angle and the length of the heat pipe as parameters.
Strel’tsov [58], used helical arteries, in conjunction with meshes for evaporator liquid
distribution, and obtained relatively high axial heat fluxes. This, together with the work of
Kemme [59] led to the recommendation that more effort be devoted to the vapor flow
limitations in gravity-assisted heat pipes.
Vasiliev and Kiselyov [61] proposed the use of arteries in conjunction with grooved
evaporator and condenser surfaces to transfer condensate between the condenser and
evaporator, while triangular grooves in the evaporator and condenser wall were used for
distribution and collection of the working fluid. This design has a higher effective thermal
conductivity than the simple thermosyphon.
The Juelich target system is designed to operate at a nearly constant low pressure difference
of always less than 230 mbar between the inside of the target and the surrounding vacuum in
order to allow for very thin target windows. The operating temperature is very low in the
range of liquid hydrogen, deuterium, nitrogen and methane.
Many analytical and experimental studies were found in the literature on the heat transfer
characteristics and thermodynamic properties of heat pipes operating near room temperature
or higher. Very little is reported on constant and low-pressure heat pipes at low temperature
where the behavior of such heat pipes is different from that of the high temperature and high
pressure. Therefore, a part from the objective of this work is to obtain detailed and accurate
experimental data at these unexplored conditions for hydrogen, deuterium, nitrogen and
methane.
2.3 Control Systems
The proper operation of the Juelich cryo target requires a high and stable vacuum
environment (≈ 10-7 mbar).  To achieve this goal, we should have a reliable operation for the
pumping system, monitoring all the vacuum components status and applying suitable
protocols at certain situations taking into consideration the safety interlocks.
Uli Hacker et al [63] developed the COSY control system. It is hierarchically organized with
distributed intelligence and autonomous operation units for each accelerator component. The
COSY control system uses SIMATIC S5 and now also SIMATIC S7.
Chapter (2) State of the Art
-14-
H. Kleines, et al [64] developed a slow control system based on SIMATIC S7 (interlock
system has been implemented) and Windows Control Center (WinCC used for Supervisory
Control and Data Acquisition) for the atomic beam source (ABS) for the ANKE experiment.
It should support the routine operation of the ABS as well as experimental tests of the ABS it
self.
M. Drochner, et al [65] used standard industrial process control equipment in neutron
scattering experiments. The main characteristic is that front-end equipment and the control
machine are coupled by the industrial field bus (PROFIBUS). This significantly reduces the
amount of cabling. Further it provides the proven error recovery and diagnostic features of an
industrial field bus to the experiment control area.
H. Kleines, K. Zwoll, et al [66] integrated industrial automation equipment in experiment
control systems via PROFIBUS. A major reason for PROFIBUS success is the technological
and functional scalability based on a common core.
In TOF-COSY experiment we designed an automatic control system (ACS) for the vacuum
installation. We used standard hardware components (SIMATIC S7 components (CPU, PS,
DI, DO, AI)) and two software programs (SIMATIC S7 software and the Windows Control
Center). The ACS was completed and tested in the lab. Now it is working in the TOF
experiment successfully.
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3- The Goal of the Work and Consequences
3.1 Overview of the Objectives
Experiments in hadron physics are designed to study multi particle reactions by measuring
the energy and momentum of all charged and if necessary neutral particles of each event
[6,7]. The combination of energy E and momentum vector P  is called four vector Þ= (E, P )
of a particle or a system. The four vector scalar product with the “-“ convention Þ2 ≡ S = E2 –
P2 is the available squared center of mass energy of a system. Þ can stand for a system of
particles with Þ = Þ1 + Þ2 +⋅⋅⋅
The relativistically correct relation
E2 = m2 + P2
shows that Þ2 of a single particle (or a system) is simply the square of the eigen mass of the
particle (or system). Observable stable particles at COSY energies are (in proton-proton
interaction) protons (938 MeV/c2), neutrons (939 MeV/c2), hyperons (Λ(1115 MeV/c2), Σ+
(1189.6 MeV/c2), Σ-(1196.8 MeV/c2), Σ0(1191 MeV/c2)) and stable mesons (π+ (140
MeV/c2), π- (140 MeV/c2), π0 (135 MeV/c2), Κ+ (494 MeV/c2), Κ0 (498 MeV/c2), µ- (106
MeV/c2)) with their well defined eigen masses.
To explain the principle of COSY experiments (for example in proton-proton interaction) we
observe that the total four vector in the entrance channel is defined by
Þentrance = (Ebeam + Etarget , ettbeam PP arg+ )=
              = ( ettbeambeam mPm arg
22 )( ++  , )(zeroPbeam +  )
Þentrance = ( ettbeam mE arg+  ,  beamP )
There are four equations for energy and momentum conservation between entrance and (two
or more particle) exit.
Þentrance = Þexit = Þ1 + Þ2 + Þ3 + Þ4 +⋅⋅⋅
For a given reaction (example pp→p p π+ π-), the detector has to determine event by event all
four vector components of all outgoing particles. Then one can determine all physics
observable if the sample of events is large enough. It is easy to understand what a detector
has to provide when realizing that the knowledge of the four vector Þi = ( ii PE , ) of an
outgoing particle is equivalent to the knowledge of ii Pm ,  or  ( PPPmi ,, ) since
)( 22 iii PmE +=
The im values can be determined by trial and error in evaluation routines. The eigen masses
im  correspond to one variable in the set of four variables. The normalized track direction
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ii PP  as a 3-dimensional unit vector corresponds to two components and the absolute
momentum P  to one. This indicates that the precision, which a detector provides in track
direction is most important. The simplest way to get precise directional information is to use
the very small overlap volume between a cooled beam and a short  (dense) target as start
“point” and a detector shell far enough away (with space resolution corresponding to the
target size) for the end point of the track. The principle is shown in fig. (3.1). It is very
important that there is no matter between the target and the outer detector shells. Matter on
the particles flight pass in between provokes angular straggling and hadronic interactions of
the reaction products. Both lead to wrong data and distort the results.
Fig. (3.1) Principle of a scattering experiment. The beam passes through a cell with thin
windows, which contains the target material. Reaction products are measured by
surroundings detectors.
Angular straggling occurs as multiple scattering on electrons in matters. It results in a
statistical directional deviation θstraggling which rises with increased layer thickness L
(measured in radiation length Lr) and decreasing velocity β (momentum P) of the particle.
For singly charged particles one has approximately
θstraggling = ( β⋅⋅ P
cMeV
L
L
r
/20 )      [99]
Example: for 500 MeV/c protons (β ≈0.5 )
• For 4mm LH2:  L/Lr = 0.4/866, we find θstraggling ≈ 0.02 x 0.08 = 1.7 mrad
• For 1 mm Cu:  L/Lr = 0.1/1.43, we find θstraggling ≈ 0.26 x 0.08 =  21 mrad
The hadronic happen on a single nucleus and can have large angles. Interactions are more
probable with increasing matter thickness L. They have a probability L/Lh where Lh is the
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hadronic interaction length (for fast protons, one finds Lh  (LH2) ≈ 614 cm, Lh (Cu) ≈ 9.6 cm).
It is evident that reactions with many outgoing particles are particularly subject to
disturbances by straggling or hadronic scattering. Especially massive construction elements
like heat pipes, cell walls, glue on the target windows, plexi light guides etc. will create
shadowing effects on the outer detector shells (fig. (3.1)) which must be avoided as much as
possible.
One can minimize such negative effects:
1. Construct the target components in the backward hemisphere of the beam direction. There
are fewer reaction products compared with the forward direction (the reaction products go
preferentially in the direction of the beam).
2. The hole in the outer surface of the detector for the heat pipe is made as small in solid
angle as possible.
3. Using a 7mm diameter – 0.1mm wall thickness - heat pipe of sufficient length for heat
transfer decreases the material in the reaction area.
4. Massive materials close to the reaction point can cover a big part of the solid angle. If the
same materials are far from the reaction point then the shadowed solid angle is much
smaller. We established the cryo machine far from the reaction point (32 cm in standard
target, 200 cm in the 2m long target).
5. In order to avoid thick layers of rest gas condensation around the target cell and the target
windows, one needs very good and stable vacuum for months.
3.2 Reduction of Passive Material
To verify the condition that no materials exist between the reaction point and the detector
except the target / beam overlap, we have to minimize the following parts related to the target
as much as possible.
1. For closing the cylindrical cell of the target, we used at both sides a Mylar foil of a 0.9
µm thickness.
2. To be able to use really thin 0.9 µm thickness Mylar foils, we have to provide a very
small and stable pressure difference between the inside and outside of the target cell. For
this we use a pressure stabilization system. With a weight on a soft bellow we keep the
pressure difference between the inside and outside of the target ≈ 200 mbar.
3. To keep the target cell, the target appendix and the conical adapter between the heat pipe
and target appendix as thin as possible (wall thickness ≈ 30 um), the Galvanization
technique has been used.
4. We replaced the solid conductor (600 g) by a 16mm (10 g) and recently by a 7mm-
diameter heat pipe (7.5 g) to decrease the material around the target / beam overlap.
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5. Also we changed from a copper condenser to an aluminum condenser (100 g copper
condenser, 20 g aluminum condenser)
6. By applying all the previous developments we decreased the material, the heat capacity,
and we improved also the target cool down time.
3.3 Advanced Target Systems
• 2-m long target:
The 2-m-long target was developed and tested. It is ready to be used in the TOF big tank (4-
m diameter). By using this target version, we will be able to measure the backward direction
reaction products, which could not be measured before. Also we will decrease the obscured
solid angle of the detectors (the distance between the target / beam overlap and the massive
materials of the target (cryo head) is 2m) which means we can achieve full solid angle.
• Cold gas target:
To compromise between the Luminosity (thick target → more counts) and energy resolution
(thick target →bad resolution), target cells with different thickness (2mm, 4mm and 10mm)
have been constructed. Even for the 2-mm target cell, it was still impossible to measure some
reaction products, which have too low energy to travel from the target cell to the detectors.
To overcome this problem, a cold gas target with working gas at a temperature a little higher
than the boiling temperature was developed. We used a liquid hydrogen jacket at 20 K to cool
down the working deuterium gas (at 200 mbar pressure) to be around 20 K. the gas D2
density increased nearly 14 times more than at room temperature.
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4. Experimental Aspects
4.1 Target Test Apparatus
The target has to work for long time during experimental periods in order to make full use of
the accelerator. There is no development work possible under such conditions. Therefore a
test set up (see fig. (4.1)) was built to make tests for development. The setup includes a
vacuum chamber with extensions so that target heat pipes with different lengths and different
inclination angles can be tested. Two glass windows allow looking through the target cells
during the tests. The test setup duplicates the real experiment and houses the standardized
cold heads and heat pipe targets. It is equipped with high and low vacuum pumps, vacuum
measurement instrumentation and contains a pressure stabilization system (see section 4.2).
Due to the low boiling temperature of the target materials (H2, D2, N2 and CH4), the target
must be enclosed in a high vacuum for thermal isolation and to avoid rest gas condensation.
A vacuum chamber was built which provides room for the target with its isolation and for
measuring devices. It is made from stainless steel that exhibits very low outgassing
characteristics under high vacuum. There are feed-throughs for the heater power leads,
temperature and pressure measurements. On the top there is a rotary flange 15 cm outer
diameter and flexible connection with adjusting screws for the cold head connection through
which the target can be adjusted in three directions. The lower end is closed by a glass
window for monitoring the target cell. The chamber has a total volume of about
10 liters and it is connected to a turbo pump station (Pfeiffer TSU 260 D) which gives a high
vacuum of about 10−6 - 10−7 mbar. The pumping station components are a turbo molecular
drag pump, diaphragm pump, electronic driving unit, pumping station control unit and
venting valve. The pumping volume flow rate (speed) for nitrogen is 210 l/s and for hydrogen
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H2       D2     N2    CH4 
Gas filling 
Forevacuum 
pump
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Fig. (4.1) Schematic diagram for the target test apparatus
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100 l/s. The backing pump speed is 0.56 l/s. The electric load of the pumping station is 0.55
kW. The cold head for the target cooling works also as cryogenic pump. It can improve the
vacuum by several orders of magnitude by condensing the remaining gas molecules.
4.2 The Pressure Stabilization System
The minimum possible window thickness of the target is achieved by using the lowest
possible pressure difference between the inside and the outside of the target cell. A stable,
low-pressure difference is obtained and kept automatically nearly constant under all working
conditions (fig. (4.3)) by using a simple mechanical stabilization system (see fig. (4.1)) [1,3].
A very flexible cylindrical bellow (surface area of 374 cm2) with a weight of 77 kg on the top
(lead block) is used as reservoir. It is under the same vacuum as the target cell. The target and
the reservoir are connected making a closed system that contains a constant amount of target
material (H2 or D2, etc.) sufficient to fill the target cell with liquid. The absolute pressure in
the gas reservoir and target cell is the sum of the pressure in the vacuum chamber and the
additional pressure resulting from the weight. Using different weights on the top of the
bellow, one can change the pressure difference. The 200-mbar pressure difference choice is
selected to have enough working range above the triple point of all working gases (fig. (4.4)).
The critical value is the triple point pressure for deuterium (171 mbar see table (4.1)). The
bellow system can hold a maximum volume of 9.54 liters, which condenses to 2.3cm3 liquid
hydrogen or to 2.0cm3 liquid deuterium.
Table (4.1) characteristic data for target materials [70].
Triple point Operating range at
200 mbar filling
Liquid
density
Latent heat of
vaporization
Material
T (K) P (mbar) T (K) ρL (g/cm3) hfg (J/g)
H2 13.95 72 13.95 - 15.95 0.075 445.3
D2 18.73 171 18.73 – 19.10 0.163 303.9
N2 63.15 125 63.15 - 66.00 0.863 198.4
CH4 90.65 117 90.65 – 95.15 0.448 509.4
4.3 The Cold Head
We generate the low temperatures down to 10 K in our target system using a double stage
cold head RGD 210, Leybold AG [69]. It can be mounted in any position. We use it at 40°
inclination to the horizontal with the standard target and at 90° with the 2m target. A silicon
diode is installed as a temperature sensor at the condenser. Fig. (4.2) shows the cold head
with the standard 32cm target and the 7mm heat pipe. The cold head operates with a helium
compressor in a closed gas cycle. The specification of the compressor unit, the cold head and
the cooling cycle according to Gifford-McMahon principle is explained in (Appendix A). The
cooling power of the first stage at 80 K is 12/15 W and for the second stage at 15K is 1.4 W
(working temperature for liquid hydrogen targets). The cool-down time of the second stage
from room temperature to 15 K without thermal load is 35 minutes. The helium gas filling at
room temperature is at 16 bar. The weight of the cold head is 8.6 kg.
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4.4. Measurements of Target Parameters
The measurements and the control of the target parameters are done with Labview software
control program [71] on a personal computer connected to a hardware control box.
• Temperature of the Condenser
The condenser temperature is measured with a high sensitivity Si-diode (see appendix E).
From the diode signal the condenser temperature is determined. The difference between the
Gas inputs
 First stage
Second stage
Aluminum condenser
Control heater
16 mm heat pipe part
7 mm heat pipe part
Target appendix
Target cell
Gas tube
Fig. (4.2) Cold head with heat pipe and target appendix during assembly
The cold head
Fast Heater
Thermocouple
Silicon diode 2
Silicon diode 1
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condenser temperature and the set temperature is used to apply a reasonable heating power by
the control heater through the electronic box on the condenser to keep its temperature nearly
equal the set temperature (see fig. (4.2)).
• Temperature of the Fast Heating
The fast heating cycle is used to clean the target appendix and its beam windows by
evaporating the condensed residual gases. For that, only the light target appendix and
windows have to reach room temperature. The fast heating brings the appendix temperature
up to 300 K. It is measured with an Iron-Constantan (Fe-CuNi type J) thermocouple (see
appendix E) (see fig. (4.2)) which is soldered on the target appendix near to the target cell.
The reference point of the thermocouple is placed on the condenser, which also carries the Si-
diode. During fast heating the condenser is kept slightly above the boiling point. This allows
coming back to working condition very fast.
• Gas Pressure in the Target System
The gas pressure inside the bellow and the target is measured by an electronic pressure gauge
(Setra, model 204, appendix E) (see fig. (4.1)). The time constant of the gauge is less than
10ms, which allows us to see the effects of bubbles in the target or liquid droplet explosions
during cool down.
• Bellow Height
The bellow height indicates the amount of the gas in the bellow. It is measured by a linear
potentiometer, which has 22kΩ resistance at maximum elongation. The output voltage ranges
from 0.0 to 10.0 volts calibrated to a bellow height from 0.0 to 27.0 cm. At maximum bellow
height there is 9.54 liters gas in the system at room temperature and pressure 228 mbar. There
is still a small dependence between bellow height and pressure shown in fig. (4.3) due to the
spring tension of the bellow (0.85 N/mm) currently in use. The standard pressure of 200 mbar
and the maximum pressure of 228 mbar are shown in fig. (4.3) as a function of bellow height.
• Liquid Quantity in the Target
The quantity of liquid in the heat pipe is correlated to the bellow height and the gas pressure
in the system. The liquid is distributed from the condenser through the plastic tube until the
target cell. The experiments showed that it needs at least 0.54 cm3 liquid before the liquid
reaches the cell. Above 0.65 cm3 liquid the target cell is full and at 1.1 cm3 the appendix is
full to a 30 mm height. To stabilize the optimum liquid level one makes a balance between
the cooling power of the cooling machine and the heating power of the condenser control
heating. The optimum level is reached with 1.1 cm3 of liquid with the standard target
appendix. There is then strong convection heat transfer with small density fluctuation in the
target and the surface evaporation in the target region is sufficient to keep the target liquid
still close to the liquid/solid phase transition. This will prevent the formation of any bubbles.
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 Fig. (4.3) the bellow height-pressure relation, the normally used pressure is 200 mbar
         (warm target and a 77 kg lead weight on the bellow).
4.5. Target Cooling by the Heat Pipe
The operating temperature of the heat pipe has to be in the temperature range of the liquid as
close as possible to the liquid/solid line. The thermodynamic properties of H2/D2/N2/CH4
allow us to use them in the heat pipe system since the pressure is higher than the triple point
(table (4.1), fig. (4.4)). Working at 200mbar pressure stabilizes the evaporation and
condensation temperature of H2/D2/N2/CH4 at 15/19/65/94 K respectively. The working fluid
in the heat pipe is the same as the target material.
The heat pipe has the advantages of low mass, short cooling down or heating up time, high
thermal conductivity, low heat capacity and stable temperature in the range of the liquid
target material.
4.5.1 Thermal Design
The heat pipe can transfer heat loads with a negligible temperature drop. From the phase
diagram shown in fig. (4.4), the most important region is the liquid region, which is limited
by the liquid/gas curve at the high temperature side, and by the solid/liquid curve at the low
temperature side. These two-phase transition limits are important for the operation of the
target, which is adjusted such that it has a constant pressure with the bellow system (see the
working pressure fig. (4.4)) [79]. We intersect the phase transitions at two different
temperatures, which has at 200 mbar-pressure a temperature range of 2K for hydrogen and of
0.4K for deuterium. In this range one has liquid below the boiling temperature and that is the
secret of the heat pipe. The run of the heat pipe is with the super cooled liquid, which is as
much below the boiling point, and as close as possible to the freezing point in order to have
temperature reserves in the target region. So the target liquid at the downstream end in the
evaporator, where the beam crosses, is as much as possible below the boiling point. In this
way there are no bubbles and stays at that low temperature despite of the effects of body
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heating. It stays at this low temperature because the continuous evaporation and not boiling
off. The evaporation is steady and takes away the heat influx and keeps the target liquid at
super cooled conditions. (One problem of the LD2 target is that the temperature working
range is small (only 0.4K) and fluctuations of the cooling machine may pass this liquid/gas
curve and the solid/liquid curve). If the temperature range is large, it is simpler to run the
target bubble free. The characterization of such a target needs knowledge about the
temperature range of the condenser and the evaporator (see fig. (4.4)). The working pressure
defines the working temperature range. It has to be between the extreme values of the
freezing and boiling points. The pressure difference between the inside and outside of the
target defines the thickness of the window foils.
Fig. (4.4) Phase diagram of the working fluid
The Thermodynamic Cycle of the Heat Pipe
The flow diagram of the ideal thermodynamic cycle is shown in fig. (4.5) (a). A quantity of
heating power inQ  is applied to the heat pipe system at an average evaporator temperature Te.
Under steady operation, the same quantity of heating power is released at a lower average
condenser temperature Tc. Work is done inside the heat pipe to overcome the thermal losses
of the system. A part of the thermal energy is converted to mechanical energy (as a pressure
difference) due to the phase change at the liquid-vapor interface. The thermodynamic cycle of
the heat pipe is shown in fig. (4.5) (b). The fluid enters the evaporator as liquid at temperature
T1 and leaves at temperature T2 or T2’ as saturated or superheated vapor, respectively. The
vapor flows through the vapor channel from evaporator to condenser due to the vapor
pressure difference between the evaporator and condenser sections. The vapor enters the
condenser section as a saturated vapor or mixture at T3. The condensate enters the adiabatic
section T4 and finally, the liquid leaves the adiabatic section to enter the evaporator to
complete the cycle.
Solid
Pcr
P
Ptr
200 mbar
Working pressure
Pressure
Ttr                              Tcr      Temperature
Liquid
Working range
Gas
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4.5.2 Mechanical Design
The heat pipe target system is shown in fig. (4.6). The condenser is directly mounted at the
cold head, far away from the evaporator region on the upper end of the target appendix. The
working medium in the heat pipe is the target material. The outer diameter of the heat pipe is
16mm in the condenser area and 7 mm in the adiabatic section.
The evaporator section consists of the copper target appendix and a 12mm long conical
connection to the 7mm-diameter stainless steel tube. The cone is 50 µm thick and made by
galvanization. The mass of the complete evaporator section is ≈ 0.5 g copper. Therefore the
heat capacity of the evaporator section is ≈ 40 J for ∆T = (300 - 15) K which reduces the cool
down time. Reducing the amount of material also reduces secondary reactions of the primary
reaction products in scattering experiments with high-energy protons.
Fig. (4.5) thermodynamic cycle of a typical heat pipe. (a) Flow diagram, (b) Temperature-
entropy diagram (the curve shows the entropy versus temperature).
The condenser section is a conical structure with fins milled into the surface (fig. (5.2.3)).
The surface area for condensation is about 39 cm2 (section 5.2). The 40mm diameter flange
makes the thermal connection to the cold head. The large surface area of the condenser gives
a large heat transfer with small temperature drop. The condenser section is manufactured
from pure aluminum and has 20 g weight (heat capacity 3.4 kJ).
The adiabatic or transport section lies between the condenser and the evaporator (fig.
(4.6)). It is constructed from a very light stainless steel tube with outer diameter of 7mm and
wall thickness 0.1mm. An inner concentric plastic tube of 3.0 mm inner diameter, 0.1 mm
wall thickness collects with a plastic cone the condensed liquid from the condenser and
guides it down to the evaporator. This separation of the downward liquid and the upward
vapor helps to make mass and heat flow without friction [14, 15].
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This heat pipe-target system has the following advantages:
1. The target liquid is used as the heat transport medium.
2.  Heat losses of the liquid are minimized because it flows in a central small tube in the
cold vapor (coldest region) and not in contact to the warmer wall of the stainless steel
(hottest region).
3. The inner plastic tube in the transport section is much lighter and simpler than the wick in
the normal heat pipe described in the literature [77-82].
4. The pressure stabilization system provides a low and nearly constant pressure difference
(200 mbar) between the heat pipe-target combination and the outside vacuum that allows
using thin windows.
5. The stable pressure fixes the operating temperature close to the corresponding stable
solidification temperature of the target material.
6. The amount of heat pipe material is very small that speeds up the cooling down/heating
up cycles considerably.
7.  The heat pipe-target system can be used with all our experiment target gases
(H2/D2/N2/CH4). It is sufficient to degas the system and then refill with the new gas and
adjust the operating temperature of the new fluid.
Control heater
Aluminum
condenser
Gas input
16mm diameter
7mm diameter
Condenser section
(75 mm)
Adiabatic section
( 190 mm)
Evaporator
section
(45 mm)
Target cell
Inner plastic tube
Liquid collector
Fig. (4.6) schematic diagram for the heat pipe target combination
40 mm
diameter
4mm
16mm
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4.6. Heat Pipe Target System Performance Measurements
A Labview based control system is used to control the target parameters. The bellow and the
heat pipe-target system have been cleaned well through many fill-purge cycles. Then, the
bellow is filled with the desired amount of H2/D2/N2/CH4 gas at the required pressure. Care was
taken to avoid the presence of condensable gases or air leaks into the system because this
could create solid crystals (O2, N2, H2O etc.) concentrated in the target cell and disturb the
measurements.
Five parameters have been routinely measured and stored:
1. The condenser temperature of the heat pipe measured with a high sensitivity Si-diode,
2. The evaporator temperature of the heat pipe measured with a thermocouple and a high
sensitivity Si-diode,
3. The pressure of the working fluid inside the heat pipe-target system,
4. The pressure around the target (vacuum isolation),
5. The bellow height (volume of working gas).
Details of these measurements are described in section (4.4)
From these parameters the following quantities are continuously calculated and either shown
on a screen or used for controlling the target operation:
1. Liquid quantity in the target cell and the plastic tube,
2. Power of the control heater around the condenser for temperature stabilization,
3. Heat load on the target appendix.
By using the recorded data during the following two time phases:
a) During cooling down time
b) In steady state operation mode
One can measure the performance of the heat pipe-target system by measuring
• The cool down time from room temperature to liquid temperature
• Temperature difference between evaporator and condenser of the heat pipe,
• Thermal conductivity of the heat pipe system,
• Mass of liquid in the system,
• Mass flow rates to transfer the heat load.
4.7. TOF Vacuum System
The TOF vacuum system is big and complex. It consists of (see fig. (4.7)) a big vacuum tank
mainly for the barrel detector hodoscope, a small tank which holds the cold target and the
beam line region between valve V_12 in the front of the TOF apparatus and COSY valve
V_7 at the beginning of the beam line. The vacuum around the cold target is ≈10-7 mbar. The
small tank contains also the start detector. The big tank has a vacuum ≈10-3 mbar. It contains
the ring and central quirl hodoscopes and the barrel detector. As a separation between the low
and high vacuum tanks, a thin aluminized Mylar foil of 60cm diameter with thickness of 20
um is used. At the beam passage its thickness is reduced to 4 um Mylar.
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The vacuum volume to be evacuated is ≈30 m3 in the TOF short version and more in the
larger versions  (≈100 m3).
Fig. (4.7) schematic diagram for the TOF vacuum system components
Fig. (4.7) shows a schematic diagram for the TOF vacuum system components. There are
seven mechanical and rotary vane pumps, three turbo molecular pumps, and one cryo pump.
Ten automatic valves are used to control several bypasses between the vacuum vessels and
also to protect the high vacuum pumps from back streaming oil. Five vacuum measurements
are used to monitor the vacuum values in five regions, and one-temperature measurement to
monitor the cryo pump operation. The COSY valve V_7 can only be opened if the vacuum
value in the TOF beam line region is better than 10-6 mbar. Good vacuum here is also
important in order to avoid rest gas condensation on the target window. For a long TOF run,
one needs long term stability of the vacuum over weeks continuously. A proper and stable
operation needs reliable monitoring of the TOF vacuum and components. For that purpose an
automatic control system (ACS) has been built (see section (5.6)).
4.8. TOF Vacuum and Temperature Measurements
4.8.1. Vacuum Measurements
Vacuum measurements are necessary for:
1. Indication if the vacuum around the target is good enough to avoid condensation of rest
gases on the target window.
2. Indication that the COSY shutter can be opened and give the required safety for the start
detector.
3. Control if there is a leak in the system.
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4. Control of the diffusion through the target windows especially pressure increase at the
phase transition from gas to liquid,
5. Control during fast heating to make sure that the evaporation of condensed gases from the
target windows is complete.
6. Giving pressure indication during start up and shut down of the vacuum system (safety,
bypass).
The vacuum is measured in five regions. Table (4.2) summarizes the information about the
measurements.
Table (4.2) the vacuum measurements information in the TOF vacuum system
Region
 No.
Symbol
&
name
Gauge type Vacuum
measuring
range
O/P
voltage
range
Voltage-pressure
relation
1 ST_V
Small tank
vacuum
Pfeiffer
PKR 251
1000 –
5*10-9
mbar
0.0- 10.5
volts
P=101.667 V − 11.33
[mbar]
2 BL_V
beam line
vacuum
Pfeiffer
PKR 251
1000 –
5*10-9
mbar
0.0- 10.5
volts
P=101.667 V − 11.33
[mbar]
3 COSY_V
COSY
vacuum
IKR 060 5.0*10-3 -
5.0*10-9
mbar
0.0 -10.0
volts
P=10(0.5* V −8.3)
[mbar]
4 BT_V
big tank
vacuum
Pfeiffer
TPR 265
1000 -
5.0*10-4
mbar
2.2-8.5
volts.
P=10(V − 5.5)
 [mbar]
5 CP_V
 cryo pump
vacuum
Thermovac
TM 210 S
1000 -
1.0*10-2
mbar
0.9-9.7
volts
P=10(0.43V − 2.34+(0.2*(V-
4.67))**13)
[mbar]
4.8.2 Temperature Measurement
The cryo pump temperature measurement is a monitoring tool for the proper working and the
quantity of the collected condensate. The condenser temperature is measured with a high
sensitivity Si-diode (DT-470-SD-13, Lake Shore Cryotronics, USA) (appendix E). The diode
is connected to the Cryotherm LTI 10 instrument, which supplies the required (forward
direction) constant current (10 µA ± 0.05 %) and displays the temperature of the cryo pump.
The voltage signal from the Cryotherm LTI 10 ranges from 0.0 – 3.0 volts, which
corresponds nearly to the temperature range from 0.0 – 300.0 K.
4.9 Vacuum Performance around the Target
Target operation needs a good enough vacuum in order to avoid rest gas condensation on the
cold parts when we start cooling down. When we check a new target (for cleanliness, for
leaks, etc.), it is helpful to know what the pump down time is for a perfect target. So the
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behavior of the vacuum around the target in the following four different standard situations
were tested.
1- Starting the pump down from atmosphere until high vacuum is reached.
2- Filling the target with the working gas.
3- Starting the target cool down.
4- Starting liquefaction.
Fig. (4.8) shows a complete view for the vacuum, pressure and liquid values from the start at
atmosphere until the end when a perfect target cell is full with liquid in stable mode.
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Fig. (4.9) shows in a magnified time axis the first phase between atmospheric pressure until
we have a good enough vacuum to start the target filling with gas. This phase needs 2 hours
to reach 1.5×10-5 mbar if every thing is tight.
Fig. (4.10) shows the second phase, during and after filling the target with gas. If the target is
tight, the filling has no effect on the vacuum value. If the target has a leak this will deteriorate
immediately the vacuum.
Fig. (4.10) the second phase: behavior during and after filling the target with gas.
Fig. (4.11) shows the third phase, the behavior during the target cooling down. If the target is
tight, the vacuum will improve with cooling, because the cold parts work as a cryo pump. A
constant or rising pressure value means that the target has a low temperature leak.
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Fig. (4.12) shows the fourth phase, the behavior when the liquefaction starts until the target is
full. If the target is tight and the liquid reaches the target cell, the diffusion of the liquid leads
to a small pressure increase because the pumping rate finds a new balance with the limited
increase in the diffusion rate.
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Fig. (4.12) the fourth phase, the behavior when the liquefaction starts until the target is full
with liquid.
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5. Results and Discussions
5.1 History of Developments
For the first cryo targets we used metallic conductors between the cooling machine and the
target with standard length (32.25 cm long) [14,15]. There were disadvantages connected
with the heavy material (600 g for a copper conductor of 16 mm diameter)
• Massive material comes close to the reaction area, which may increase background from
secondary scattering.
• The large heat capacity leads to long cool down times from room temperature to LH2
temperature when using a 16 mm diameter copper conductor (157 minutes
approximately). Time lost for data taking.
• The large heat capacity (47.4 kJ for the standard copper conductor from room temperature
to LH2 temperature) also slows down the warming up procedure.
• The heat conductivity and the heat load create a temperature difference between the
cooling machine 2nd stage and the target cell. For the standard copper conductor, this was
≈2.3 K. The cold head must run at correspondingly lower temperature where it provides
lower cooling power (see fig. (5.4.3)). Much longer metallic conductors can not be used
for liquid hydrogen any more. The cold head can neither provide the cooling power nor
the necessary low temperatures.
Different conductor materials were studied. Aluminum showed better results due to the lower
heat capacity and the higher thermal conductivity as compared to copper. Silver with the
same dimensions has the best thermal conductivity. But due to its higher heat capacity it was
overall more worse than aluminum (see figs. (5.4.1), (5.4.2)).
The movement of target material for heat transport was done from the beginning in the target
appendix. Extension of this principle over the full length of the conductor “heat pipe” turned
out to be much better (see fig. (4.6)). There were advantages related to the lighter material
(10 g for 16 mm diameter - 0.1 mm thickness heat pipe).
• Lighter material comes close to the reaction area, which may decrease background from
secondary scattering
• The low heat capacity leads to a short cool down time from room temperature to LH2
temperature when using a 16 mm diameter heat pipe (70 minutes were needed). Full time
used for data taking.
• The low heat capacity (0.95 kJ for the standard heat pipe from room temperature to LH2
temperature) also speeds the heating up procedure.
• The high thermal conductivity and the heat load create a temperature difference between
the condenser and the evaporator. For the standard heat pipe this was ≈0.1 K. So the cold
head can run at correspondingly higher temperature where it provides higher cooling
power (see fig. (5.4.3)). Much longer heat pipes were used for LH2 (100cm and 200 cm).
The cold head can provide the required cooling power and the necessary low
temperatures.
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The 16mm diameter heat pipe targets were successful. Even a 2m long target version worked.
Several further developments were implemented.
1- Using an aluminum condenser instead of a copper condenser. Aluminum showed better
results due to its lower heat capacity and higher thermal conductivity at low temperatures
when compared with copper. It reaches the LH2 condensation temperature in a time less
than the copper by 14 minutes.
2- The 7-mm diameter heat pipe was developed when it became clear that the necessary
hydrogen vapor flow for the (≈ 0.1 W) heat load was so small (the vapor velocity in a
7mm diameter heat pipe is ≈ 30 cm/s). The developments are lower mass, better thermal
cycles and easier accommodation with the detector setup. The limit of using 7mm-
diameter heat pipe is not the vapor flow cross sectional area, but the diameter of the
internal liquid tube. We used 1.6-mm inner diameter internal tube for liquid transfer from
the condenser to the evaporator. The tests showed difficulties for reaching the liquid to the
evaporator because the attraction forces between the internal surface of the inner tube and
the liquid (the liquid sticks in the tube). We changed to use 3mm-diameter tube, which is
enough for the liquid flow.
     In order not to decrease the condensation area by using 7-mm diameter heat pipes, we
used as a first part a 1.6-cm diameter heat pipe, 7cm long to stick using the standard
condenser with the same condensation area. The second part is 7mm-heat pipe diameter
and represents the adiabatic section (fig (4.6)). We used the 7-mm diameter heat pipes
with two target versions, The standard length target (32.25 cm long target) and the long
target (200 cm long). The cool down time is measured for both. For the long target we
measured the temperature difference between the condenser and the evaporator at different
heat loads and operating temperatures, the effective thermal conductivity, the mass flow
rate, the flow velocity in the heat pipe and the pressure in the heat pipe.
3- The development also has to overcome or decrease the condenser temperature fluctuation,
which is nearly 0.4 K peak to peak at LD2 temperature. These fluctuations have a bad
effect on the LD2 liquefaction stability (temperature fluctuations move the operating point
in the solid, liquid and gas phases). So we used a thermal resistance between the 2nd stage
of the cold head and the heat pipe condenser. Tests were done to check different
resistances and its effects on the fluctuation values and the cool down time.
4- For measuring the spectator protons in the pd interaction, we developed a cold gas target.
We used a LH2 jacket around a deuterium gas cell at around 20 K and 200 mbar. We used
a 2nd reservoir for the hydrogen beside the standard one for the deuterium gas.
5- To have a simple and safe operation of the TOF vacuum system and protocol inspection if
needed, we designed and developed an automatic control system (ACS) for the TOF
vacuum system. The ACS was finished and tested on the bench. Now it is installed in TOF
and is operating safely over many weeks of the beam time.
6- Fast sensors (electret microphones) for the gas leak in the TOF vacuum system and the
beam line between TOF and COSY were tested. They are cheaper than the normal vacuum
measurements and 3 times faster. They are able to trigger fast valves to protect the beam
line and COSY from inflating by gas.
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5.2 Condenser
5.2.1 The Condenser Material
The condenser has to give enough surface area for the gas condensation to make droplets and
flow down. Unfortunately the condenser itself has to be cooled down and that takes quite a
lot of time. Reducing the heat capacity of the condenser speeds up the cool down time. We
found out that the aluminum is much better compromise than copper (see table (5.2.1)). The
reason is that the heat capacity of copper condenser was higher. Why is higher? The reasons
are, firstly the copper has higher heat capacity per cubic centimeter, and secondly we had a
bigger volume of the copper condenser. So it has been improved and the result was the new
condenser reduced the cool down time (condenser alone from 52 minutes to 38 minutes),
which is an improvement.
The heat capacity and the thermal conductivity mostly describe the condenser material. Both
have been measured previously for copper and aluminum as a function in temperature [14].
Results are shown in figures (5.2.1) and (5.2.2).
The heat capacity of copper and aluminum is nearly constant and has high values between
300K and 150k (≈38 J/K for copper, ≈16 J/K for aluminum)). Lower than 150K it is strongly
varying. It goes near zero. This is due to the decrease of freedom or freezes out (quantum
mechanics effect), this leads to a strong decrease in the lattice specific heat, which is
dominant, and it decreases with decreasing temperature [72] see fig. (5.2.1).
The thermal conductivity of copper and aluminum is very low between 300K and 50k (≈3.98-
5.2W/cm.K for copper, ≈2.37-16.01W/cm.K for aluminum)). Lower than 50K it is strongly
increasing. This is due to quantum mechanics effect, which leads to a strong increase in the
conduction electrons thermal conductivity, which is dominant, and it increases at low
temperatures [72] see fig. (5.2.2).
Fig. (5.2.1) the temperature dependence of the specific heat of copper and aluminum
condensers
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The fact is that the aluminum at low temperature is much better than copper. Also it seems in
the cool down time of different condensers summarized in table (5.2.1). The aluminum is
closed to the minimum possible cool down time of the cooling machine itself (the cooling
machine needs 35 minutes to reach the LH2 temperature) but copper is comparatively far.
Fig. (5.2.2) the temperature dependence of the thermal conductivity of copper and aluminum
condensers.
5.2.2 Improvements with Aluminum Condenser
Aluminum has lower heat capacity (for 20 g aluminum Cmean = 10.8 J/K) and higher thermal
conductivity (35 w/cm⋅k at 15 K) compared with copper (for 100 g copper Cmean = 27.3 J/K
and K=12 w/cm⋅k at 15 k). But in addition we improved the system by reducing the volume
of the aluminum condenser which again reduces the heat capacity. The aluminum condenser
has only 7.38cm3 and weighs 20g compared with 11.19 cm3 and 100g for copper. It verifies
an 80% reduction in the mass compared with the copper condenser mass. The total condenser
length is 59 mm. Increasing the fins depth and number increased the condensation surface
area to 3900 mm2. Fig. (5.2.3) shows a mechanical drawing for the aluminum condenser. The
3mmx2mm grove around the condenser base is used for the resistive heater wire. This grove
gives more reliable heating. Fig. (5.2.3) shows a new gas inlet, which is connected via the
steel tube of the heat pipe section (see fig. (4.6)).
The experimental results showed that the aluminum condenser cool down time from room
temperature to 15 k is 38 minutes. This means that it needs only 3 minutes in addition to cool
down the condenser as compared to the cold head, which needs 35 minutes. Copper needs 17
minutes more.
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Fig. 5.2.3) Mechanical drawing for the aluminum condenser of the heat pipe.
Table (5.2.1) Characteristics of copper and aluminum condensers.
Copper  Aluminum
Technical data DIN 2.0040,
purity 99.95
DIN 3.0305,
purity 99.90
Length (mm) 59 59
Mass (g) 100 20
Density (g/cm3) 8.96 2.71
Condensation area (cm2) 22.4 39.0
Thermal conductivity (W/cm.K) at 15 K 12 35
Heat capacity (J/K) (mean from 0-290K) 34.0 14.4
Condenser cool down time to 15K(minutes) 52 38
Hydrogen cool down time (minutes) 70 56
Deuterium cool down time (minutes) 62 48
Nitrogen cool down time (minutes) 53 38
Methane cool down time (minutes) 45 34
Figures (5.2.4-5.2.7) show the experimental cool down time dependence for aluminum and
copper condensers from room temperature to the liquid condition and until the liquid in the
target cell for H2, D2, N2 and CH4
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Fig. 5.2.4) the LH2 experimental cool down time dependence for aluminum and copper
condensers from room temperature to the liquid condition and until working condition with
liquid in the target cell.
Figure (5.2.5) the LD2 experimental cool down time dependence for aluminum and copper
condensers from room temperature to the liquid condition and until working condition with
liquid in the target cell.
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Figure (5.2.6) the LN2 experimental cool down time dependence for aluminum and copper
condensers from room temperature to the liquid condition and until working condition with
liquid in the target cell.
Figure (5.2.7) the LCH4 experimental cool down time dependence for aluminum and copper
condensers from room temperature to the liquid condition and until working condition with
liquid in the target cell.
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5.3 Heat Pipe Target System
5.3.1- The Standard Target System with 7mm Heat Pipe
5.3.1.1 Construction and Properties
In order to decrease the cool down/warm up time for the standard LH2/LD2 target, a heat pipe
with smaller diameter (7mm) was developed. The material and the heat capacity have been
decreased with this smaller diameter heat pipe. Figs. (4.2) and (4.6) show a photo and
schematic diagram for the 7-mm diameter heat pipe with the target cell and aluminum
condenser. Table (5.3.1) summarizes the parameters of this standard target version.
Table (5.3.1) standard target parameters for 7-mm diameter heat pipe with an aluminum
condenser.
Total  HP length 26.5  cm
Part with 16 mm diameter 7.5 cm
Part with 7 mm diameter 19.0  cm
inner tube length 20.0 cm
outer diameter 3.2 mm
Wall thickness 0.1 mm
Inner tube weight 0.385 g
weight of  HP without gas connector 7.660 g
weight of gas connector 5.440 g
Weight of Al condenser 20.00 g
The total weight 33.485 g
5.3.1.2 The Cool down Time
We tested the LH2 cool down time from room temperature until the target cell reaches
working condition (filled with hydrogen). Fig. (5.3.1) shows the details of the time
dependencies of the temperatures, the pressure, the bellow height, and the liquid level for
LH2. We used the standard filling (6.13-liter at 205-mbar pressure and 190-mm bellow
height). One can see that the LH2 condensation began 38 minutes after switching on the
cooling machine. The LH2 reached the target cell after 46 minutes and few seconds later the
target was full and stable. During the time difference of (46-38) 8 minutes the liquid proceeds
down towards the evaporator section. Once the first droplet arrives, there is a fast temperature
decrease (see fig. (5.3.1). the corresponding time for the 16mm-heat pipe was 18 minutes. As
soon as the arriving liquid remains cooler than the boiling temperature at 205 mbar, a liquid
column appears in the target tube. The gas volume and pressure decreases and the bellow
height shrinks (see fig. (5.3.1). The unstability of the liquid, pressure and bellow curves after
the arrival of LH2 to the target cell is due to the big time constant of the system and the
fluctuation of the regulation. After some minutes the system reaches the horizontal stability.
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Fig. (5.3.2) shows the improvement in the cool down time by using a 7-mm heat pipe
compared with a 16-mm heat pipe both with aluminum condenser. The cool down time for
D2, N2 and CH4 was also measured. Results are summarized in table (5.3.2).
Table (5.3.2) the cool down times for the gases H2, D2, N2 and CH4
Condenser cool
down time (minutes)
Evaporator cool
down time (minutes)
Boiling
temperature(K)
Hydrogen 38 46 15.9
Deuterium 38 45 19.1
Nitrogen 36 39 66.0
Methane 31 34 95.0
The integrated heat capacity of the transport and evaporator sections is 700 J for the
temperature range of 290 K to 15 K. The rate of heat transfer Q  with liquid hydrogen is
1.46W. This is the cooling power of the cold head at 15 K. From the thermal properties of H2
(table (5.3.3)) and with a heat transfer rate of 1.46 W, some characteristic values are
calculated at liquid hydrogen temperature.
The H2 mass flow rate                                      m  = Q  / hfg = 3.28×10-3 g/s
It can be compared with about 30 mg of liquid hydrogen in the evaporator section.
Where hfg is the hydrogen latent heat of vaporization =445.34 J/g
The velocity of H2 vapor in the heat pipe         Vv = m  / (ρv×Av) = 33.3 cm/s
Where Av is the area where vapor can flow =0.314 cm2, ρv=0.314 x10-3 g/cm3
The Reynolds number with this vapor flow velocity Vv of the flow is
                                                                        Re = ρv× Vv × dv /µv = 752.9
Which means a laminar flow (Re ≤ 2000 is a laminar flow).
Where dv=0.62cm is the diameter of vapor flow and µv = 8.61x10-6 g/cm⋅s is the vapor
viscosity
For H2 gas at 200 mbar and 295 K, the gas density ρg = 0.0167 g/liter
The mass of 6.13 liters H2 gas in the bellow system at 295 K and 200 mbar  = 0.102 g
(corresponds to 1.36 cm3 liquid hydrogen)
The evaporation energy of 0.102 g of liquid hydrogen is 45.5 J.
The TOF, GEM and MOMO experiments are using proton beams with intensity up to 109
protons/s and proton momenta range from 1.0 to 3.6 GeV/c. On a 4 mm LH2 target this beam
deposits by energy loss in matter a heating power of 0.03 to 0.02 mW, [73].
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Table (5.3.3) Thermal properties of H2, D2, N2 and CH4 at ≈200mbar pressure [14,70]
H2 at 15 K D2 at 19 K N2 at 65 K CH4 at 95 K
Liquid density ρl [g/cm3] 0.075 0.162 0.860 0.445
vapor density ρv [g/cm3] 0.314×10-3 0.500×10-3 0.923×10-3 0.413×10-3
Ratio ρl/ρv 238.9 324.0 931.7 1077.5
Latent heat of vaporization, hfg [J/g] 445.4 305.3 198.4 511.8
Liquid viscosity, µl [g/cm⋅s] 19.0×10-5 48.8×10-5 270.6×10-5 184.0×10-5
Vapor viscosity, µv [g/cm⋅s] 0.9×10-5 1.8×10-5 4.6×10-5 3.8×10-5
Liquid surface tension, σl [N/cm] 2.8×10-5 5.6×10-5 11.0×10-5 17.6×10-5
The heating power P from the surroundings radiation to the heat pipe target system is
estimated from black body radiation formula
P = σ A ε ( 44 surfaceoutside TT − ),
Where σ is the Stefan-Boltzmann constant  = (5.7×10-8 W m-2 K-4),
A is the surface area (76.93 cm2),
ε  is the emissivity of the surface (stainless steel = 0.4, aluminum = 0.22),
Tsurface.=15 K,  Toutside =300 K.
From that the radiation power to the non-isolated target system would be
P = 1.42 W.
In comparison of that, the energy deposited by the proton beam is negligible. Of course we
isolate most of the heat pipe with super isolation. Only the last 3 cm of the target appendix
are exposed with an open surface area of 6.0 cm2 that leads to ≈0.1 W heating power. Table
(5.3.4) summarizes the heat load from the radiation power with normal and super isolation
with different number of layers. Practically we have heat load from the radiation power equal
to 0.1147 W or 0.1284 W for 10 or 20 layers super isolation (mirror surface). Table (5.3.5)
summarizes a comparison between the 16mm and 7mm diameter heat pipes.
Table (5.3.4) heat load from the radiation power with normal and super isolation
Number of layers Radiation power P(W) with
Normal isolation (black
surface ε  ≈ 0.98)
Radiation power P (W) with
Super isolation (mirror
surfaceε ≈ 0.22)
Zero layer 1.42 1.42
1 layer 0.71 0.16
2 layers 0.47 0.10
10 layers 0.13 0.03
20 layers 0.07 0.02
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Table (5.3.5) comparison between the 16mm and 7mm diameter LH2 heat pipes.
16-mm diameter HP +
CU condenser [15]
7-mm diameter HP +
Al condenser
Cool down time (min.) 70 46
Integrated heat capacity (J) 950 700
Rate of heat transfer (W) 0.90 1.46
H2 vapor velocity (cm/s) 4.6 33.3
Surrounding heat radiation (W) 2.25 1.42
Total weight (g) 113.3 33.4
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5.3.2 The 2 m Heat Pipe Target System
5.3.2.1 Construction
If one wants to use the LH2/LD2 target on the beam in the center of the 4-m diameter TOF
tank, one needs at least a 2m long heat pipe between the cooling machine and the target cell.
The early tests with a 2m long-16mm diameter heat pipe and copper condenser were
successful with hydrogen. A long cool down time of 320 minutes was found and more than
0.5 K temperature difference was observed between the condenser and evaporator [15]. This
temperature difference (due to thermal isolation losses) is larger than the difference between
the liquefaction and evaporation temperatures of 200 mbar D2 (section 4.5). Therefore the
liquefaction of deuterium in this system did not work. It was necessary to decrease the cool
down time and the temperature difference between the condenser and the evaporator.
Now by using an aluminum condenser (see table (5.2.1)) and a 7 mm diameter heat pipe with
0.1 mm thickness we decreased the material and the heat capacity. As a consequence the cool
down time for H2 became 107 minutes. The temperature difference between the condenser
and the evaporator decreased to .06 K.
Table (5.3.6) shows the parameters of the 2m long -7 mm diameter heat pipe with aluminum
condenser. Figs (4.2, 4.6) show a photo and a schematic diagram, which is the same like
standard target system except that the adiabatic section is 184cm instead of 19cm.
Table (5.3.6) parameters of the 2m long -7 mm diameter heat pipe with aluminum condenser.
Total  HP length 191.5 cm
Part with 16 mm diameter 7.5 cm
Part with 7 mm diameter 184.0 cm
inner tube length 184.0 cm
outer diameter 3.2 mm
Wall thickness 0.1 mm
Inner tube weight 2.15g
weight of  HP without gas connector 36.30 g
weight of gas connector 5.44 g
Weight of Al condenser 20.00 g
The total weight 63.89 g
These results were obtained with the normally used inner plastic tube of 3.0 mm aperture for
the liquid flow down to the evaporator. During development we reduced the inner tube
diameter to 1.6 mm with the idea to reduce further the heat capacity.  The 2m target was
tested with the H2 and N2. We could not achieve stable operation. The reason was that the
liquid stayed in the inner tube due to the surface tension and did not reliably reach the
evaporator. We tried it with standard filling condition (6.13 liter at 200 mbar pressure and
195 mm bellow height) without success, and with maximum filling (9.54 liter at 228 mbar
pressure and 250 mm bellow height). We succeeded only once by chance, but the evaporator
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temperature fluctuated and achieving stable LH2 evaporator temperature was very difficult.
But finally the target was full. Fig. (5.3.3) shows the details of the time dependence of the
temperatures, the pressure, the bellow height, and the liquid level for LH2.
The test with N2 suffered from the same problem. But because the LN2 has higher density
(0.858 g/cm3 compared with 0.0775 g/cm3 for LH2), we succeeded with strong fluctuations to
have LN2 in the target cell in stable conditions after 57 minutes. Fig. (5.3.4) shows the details
of the time dependent of the temperatures, the pressure, the bellow height, and the liquid level
for LN2.
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5.3.2.2 The Cool down Time
1- Hydrogen
Fig. (5.3.5) shows the details of the time dependencies of the temperatures, the pressure, the
bellow height, and the liquid level for LH2. We used the maximum filling (9.54-liter at 228-
mbar pressure and 250-mm bellow).
The LH2 condensation began 39 minutes after switching on the cooling machine. The LH2
reached the target cell after 107 minutes and a few seconds later the target was full and stable.
The time difference of (107-39) 68 minutes is needed for the liquid to proceed down towards
the evaporator section. During that time the liquid has to cool down the inner tube over its
full length.
The condenser temperature decreases from 290 K to 15.95 K in 39 minutes (see fig. (5.3.5)).
The steep decrease of the temperature below 50 K is due to the fast reduction of the heat
capacity of the aluminum condenser.
As soon as the condenser temperature goes below the liquefaction temperature of hydrogen
(15.95 K), droplets of liquid hydrogen fall down into the inner tube towards the evaporator
region. The liquid vaporizes taking latent heat from the inner tube and finally from the
evaporator region. Finally the system has liquefaction in the condenser and flow of liquid
down in the inner tube, vaporization in the evaporator and flow of vapor upwards in the space
between the inner tube and the heat pipe inner surface. The evaporator temperature falls and
one starts to observe short pressure fluctuation during cool down of the inner tube due to
“explosive” droplet evaporation (fig. (5.3.5)). These spikes are due to droplets sticking even
in the 3 mm inner diameter tube for short time (an effect which becomes more and more
important with decreasing the diameter).
As soon as the arriving liquid remains cooler than the boiling temperature at 228 mbar, a
liquid column appears in the target tube, then the gas volume and pressure decrease and the
bellow height shrinks as shown in fig. (5.3.5).
The total integrated heat capacity of the plastic inner tube (2.15g has C=683.0 J), the filling
H2 gas (0.2g has C =640.0 J) and both transport and evaporator sections (41.75 g steel and 1.0
g copper has C= 3.46 kJ) in cooling down from 290 K to 15 K is 4.783 kJ.  It takes 68
minutes to be cooled with the liquid hydrogen flow starting at the condenser to arrive 15 K at
the evaporator.
From that we calculate the rate of heat transfer Q  with liquid to be 1.17 W. From the thermal
properties of H2 (table (5.3.3)) and with a heat transfer rate of 1.17 W, some characteristic
values are calculated at liquid hydrogen temperature and summarized in table (5.3.7)
The H2 mass flow m  rate inside the heat pipe can be calculated. It is:
m  = Q  / hfg = 2.63×10-3 g/s
Where hfg is the hydrogen latent heat of vaporization =445.34 J/g
It can be compared with about 30 mg of liquid hydrogen in the evaporator section.
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The velocity of H2 vapor inside the heat pipe can be calculated from the following equation
Vv = m  / (ρv×Av) = 26.6 cm/s
Where Av is the area where vapor can flow =0.314 cm2 and ρv=0.314x10-3 g/cm3
The Reynolds number with this vapor flow velocity Vv of the flow is
Re =  
v
vvv dV
µ
ρ ××
= 600.0
Which means a laminar flow (Re ≤ 2000 is a laminar flow).
Where dv =0.63 cm is the diameter of vapor flow, and
µv is the vapor viscosity = 8.8x10-6 g/cm⋅s
For H2 gas at 220 mbar and 295 K, the gas density ρg = 0.0185 g/liter
The mass of 9.45 liters H2 gas in the bellow system at 295 K and 220 mbar  = 0.175 g
(corresponds to 2.33 cm3 liquid hydrogen)
The evaporation energy of 0.175 g of liquid hydrogen is 77.9 J.
The TOF, GEM and MOMO experiments are using proton beams with intensity up to 109
protons/s and momenta from 1.0 to 3.6 GeV/c. On a 4 mm LH2 target this beam deposits by
energy loss in matter a heating power of 0.03 to 0.02 mW [73]. This poses no problems.
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The biggest part of heating power P comes from black body radiation from surrounding. The
corresponding formula is:
P = σ A ε ( 44 surfaceoutside TT − ),
Where σ is the Stefan-Boltzmann constant  = (5.7×10-8 W m-2 K-4),
A is the surface area (442.1 cm2),
ε  is the emissivity of the surface (stainless steel = 0.4, aluminum = 0.22, copper = 0.22),
Tsurface.=15 K,  Toutside =300 K.
The radiation power to the non-isolated 2m-long target system would be
P = 8.2 W.
We isolate most of the heat pipe with super isolation. With using 20 cylindrical layers of
isolation, this radiation power decreases to 0.39W for normal isolation (black surfaces) and to
0.09 W for super isolation (mirror surfaces). Only the last 3 cm of the target appendix are
exposed with an open surface area of 6.0 cm2. That leads to ≈0.1 W heating power. Finally
we have a total heat load from the surrounding radiation on the heat pipe target system of
value 0.09+0.1 = 0.19W for using 20 layers super isolation.
2- Deuterium Heat Pipe-Target System
Deuterium has about twice higher density than hydrogen. This would make it better suited for
gravity assisted heat pipe. On the other hand the phase diagram shows a much smaller
temperature range between the freezing and boiling. At 228 mbar it is only 0.6 K (see
appendix B). The triple point pressure of 171 mbar is an absolute limit for the operating
pressure range. In table (5.3.3) the thermodynamic properties of D2 are given.
In fig. (5.3.6) a cool down time cycle is shown. The temperature of the condenser decreases
from 295 K to 19.3 K (liquid Deuterium temperature) in 39 minutes (fig. (5.3.6)). The cool
down time of the transport and evaporator section starts with the appearance of liquid at the
condenser. The target is filled with liquid deuterium at 18.8 K after 160 minutes. In addition
the total cool down time is 200 minutes.
A striking feature in fig. (5.3.6) is the sudden decrease of deuterium in the gas bellow and
increase in “liquid”. This is due to freezing of D2 on the condenser surface. By application of
heating power one can stabilize the condenser temperature in the narrow range between
liquid and solid. But this result now in a longer cool down time of the transport and
evaporator section. For deuterium is 160 minutes (while for hydrogen is only 68 minutes).
The integrated heat capacity of the inner plastic tube, D2 gas, transport and evaporator
sections are (0.683 + 0.682 +3.38 + 0.079 KJ) = 4.825 kJ in cooling down from 295 K to
18.8K. It takes 160 minutes for the heat pipe to arrive 18.8 K at the evaporator.
The ratio of these values 
)(60160
)(4825
s
J
×
= 0.5 W, gives an estimate for the rate of heat transfer
with LD2 
•
Q  =0.5 W.
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That is nearly the difference between the cooling power of the cold head (2.5 W at the boiling
temperature of deuterium at 228 mbar) and the applied heater power (1.9 W needed to
stabilize the condenser temperature.
From the thermal properties of D2 (table 5.3.3) and with a heat transfer rate of 0.5 W some
characteristic values are calculated and summarized in table (5.3.7).
Table (5.3.7) Characteristic values calculated for H2, D2, N2 and CH4
H2 D2 N2 CH4
Mass flow rate m (g/s) 2.6×10-3 1.7×10-3 18.9×10-3 14.9×10-3
Vapor velocity Vv (cm/s) 26.6 10.5 65.3 114.9
Reynolds number Re 600.0 184.8 820.2 792.9
Gas density ρg(g/cm3) at 220 mbar,
295K
0.019 ×10-3 0.033×10-3 0.253×10-3 0.145×10-3
Total mass in the system (g) 0.175 g 0.355 2.389 1.379
Evaporation energy of the total
mass (J)
77.9 107.9 473.9 702.4
3- Nitrogen and Methane
The cool down time for nitrogen and methane in the 2m long 7mm-diameter heat pipe has
been measured as for hydrogen and deuterium. The liquefaction temperature at 228 mbar for
nitrogen is 66.4 K and for methane is 95.6 K (see appendix C). At these higher temperatures
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Fig. (5.3.6) The time dependence of the temperatures, the pressure, the bellow height, and
the liquid level for LD2 for 2m target with 7mm heat pipe and 3mm diameter inner tube.
Around t ≈ 60 minutes, sudden freezing of D2 on the condenser happened. It was released by
increasing heating power on the condenser.
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the cold head has higher cooling power,  5.5 W and 7 Watts for nitrogen and methane
respectively.
The performance for the nitrogen (fig. (5.3.7)) and methane (fig. (5.3.8)) heat pipe-target
systems shows similar behavior as hydrogen and deuterium. The possible temperature range
(see appendix c) on the condenser at 228 mbar for N2 is 63.2 K- 66.4 K and for CH4 is 90.7
K- 95.6 K.
The temperature of the condenser is decreased for N2 from 295 K to 65.5 K in 36 minutes
(methane 295 K to 95 K in 31 minutes). The cool down time of the transport and evaporator
sections from start of liquefaction until the target is filled with liquid N2 at 65 K is 18 minutes
(with CH4 at 95 K is 8 minutes). The total cool down time of the system with nitrogen is 54
minutes and with methane is 39 minutes. The pressure fluctuation during cooling down with
N2 and CH4 is very small compared with H2 and D2.
Nitrogen and Methane (values for methane are shown in brackets)
The integrated heat capacity of the transport and evaporator sections is 4.057 kJ / (3.66 kJ) in
cooling down from 295 K to 65 K / (295 K to 95 K). It takes 18 minutes / (8 minutes) with
the liquid nitrogen / (methane) flow starting at the condenser to reach 65 K / (95 K) at the
evaporator.
From that we estimate the rate of heat transfer with liquid N2 / (liquid CH4) to beQ  = 3.757
W / (Q =7.625 W).
From the thermal properties of N2 / (CH4) (table 5.3.3) and with a heat transfer rate of 3.757
W / (Q =7.625 W) some characteristic values are calculated and summarized in table (5.3.7).
We note that methane is the working fluid that provides the highest thermal transport in the
95 K to 90 K temperature range
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Fig. (5.3.7) the time dependence of the target parameters during cool down of 2m long - 7mm
diameter heat pipe filled with nitrogen.
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Fig. (5.3.8) the time dependence of the target parameters during cool down of 2m long- 7
mm diameter heat pipe filled with methane.
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5.3.2.3 Behavior in the Steady State Operating Mode
The 2m heat pipe-target system is tested in its steady state operating mode with four working
fluids H2, D2, CH4 and N2. The tests are done with maximum volume of the bellow (9.54
liters gas at 228 mbar, 295 K). The pressure in the bellow changes dependent on the gas–
liquid conversion (change of total gas volume). After cooling down to the operating
temperature the system reaches steady state and is held in continuous operation for about 30
minutes to ensure the steady state conditions.
The parameters, which were changed, are:
(1) The heating power on the condenser, which allowed to tune its temperature in the range
between liquid and solid,
(2) The heat load on the evaporator applied by the SMD resistor on the target appendix. That
allows changing of the heat load which has to be transported by the heat pipe.
The condenser temperature, the heat load and the gas content are the parameters that we will
present in the following results.
The isolation losses of the heat pipe can be deduced from a measurement of the cold head
power alone compared with the complete target set up. We found that balancing the cooling
power of the cold head to fix the temperature at hydrogen boiling point needs 2.04 Watt
without the heat pipe and 1.9 Watt with the heat pipe in equilibrium. From that we conclude
that the overall isolation losses of 2m-heat pipe are about 0.14 Watt. This shows that the
isolation is excellent. In section (5.3.2.2) we show that the radiation heating of the unshielded
target appendix is in this order of magnitude.
5.3.2.4 Temperature Difference Between the HP Condenser and Evaporator
The temperature difference between the external surface of the evaporator (lower end) and
the external surface of the condenser (upper end) of the heat pipe-target system is measured
as a function of heat load on the evaporator. A small temperature difference allows us to run
the cold head at higher temperature where higher cooling power is available (fig. (5.4.3)). It
is also important to have a small temperature difference in view of the limited liquid range in
the phase diagram (appendix B, C). A small difference allows super cooling, eliminates
boiling in the target cell (section 4.5).
1- Hydrogen case
Fig. (5.3.9) shows the measured condenser-evaporator temperature differences with
hydrogen, plotted against the heat loads at the evaporator. Curves for different condenser
temperature settings in steady state operating conditions are shown. As expected there is a
finite temperature difference even with zero external heat load due to the isolation losses. The
temperature difference increases with increasing external heat load for the same condenser
temperature. This means an effective increase of the conductivity (fig.(5.3.12)). The
temperature difference increases also with increasing condenser temperature for the same
heat load. This is due to the reduced conductivity as the liquid mass transfer is reduced.
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When the heat load on the evaporator exceeds a certain maximum value, the evaporator
temperature suddenly increases above the boiling temperature showing that no liquid is
present any more in the target appendix. The temperature difference ranges from 0.06 K to
0.23 K depending on the condenser temperature and the heat load.
The experimental results show that the minimum quantity of LH2 which is enough to reach
LH2 temperature at the evaporator for the 2m-heat pipe target is 1.65 cm3. With less quantity,
no liquid will reach the evaporator and cool it. For a stable working target without bubbles,
we need in addition 0.5 cm3 in the target cell and the appendix. This means we should have
2.15 cm3 total liquid in the system.
We have two limits for the condenser temperature.
• Above 15.3 K condenser temperature, the LH2 quantity in the system is not enough.
• Below 14.6 K condenser temperature, too much liquid leads to zero position of the
mechanical pressure stabilization system. The pressure decreases abruptly and the danger
of solidification is high because there is no pressure stabilization any more.
At a condenser temperature lower than the freezing point (see appendix B) of hydrogen, the
complete amount of hydrogen will freeze on the condenser and there is no heat and mass flow
possible any more. The target temperature (evaporator section) increases rapidly to 25 K in
few seconds.
At a condenser temperatures above the upper limit (15.3 K at 228 mbar) the operation of heat
pipe fails as well because there is no enough liquid created. In this case the temperature of the
evaporator increases very rapidly (about 1 Kelvin per second).
As seen in fig. (5.3.9) the 2m-heat pipe system can transfer heat load up to 0.6 Watt at least.
Fig. (5.3.9) the temperature differences between condenser and evaporator of the hydrogen
2m-heat pipe-target system versus the heat load at evaporator. The various curves are
for different condenser temperatures. Measured with the maximum filling with 9.54 liters at
228 mbar, 295K.
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2- Deuterium case
The deuterium is a critical case, because the narrow operation range at 228 mbar (from 19.35
K to 18.75 K, appendix B) and the minimum quantity of LD2 required. The minimum
quantity of LD2 that is enough for the operation of the target system is 1.5 cm3. This liquid
quantity could just be obtained only 0.05K above the solidification point of deuterium. There
the residual temperature fluctuations of the regulated cold head did not leave temperature
range for any further heat load measurements. We must improve the isolation around the heat
pipe, decrease the radiation heat load to be less than 0.14 W and better stabilize the condenser
temperature for a comfortable operation situation.
3- Methane and Nitrogen cases
Figures (5.3.10) and (5.3.11) show the temperature difference between the condenser and
evaporator of methane and nitrogen in the maximum filling condition. The minimum quantity
that required from LCH4 or LN2 for the operation of the 2m-heat pipe is 1.3 cm3.
The qualitative behavior of methane and nitrogen is similar to the hydrogen and deuterium
with two important differences:
• First, at the much higher boiling temperature of the heavier gases (phase diagram of
methane and nitrogen appendix C) the cooling power of the cold head is much higher (fig.
(5.4.3)) and consequently the transferred heat load reaches 1.4 Watt with methane and 1.0
Watt with nitrogen.
• Secondly, opposite to hydrogen and deuterium in methane and nitrogen the temperature
difference increases (conductivity gets worse) with decreasing the condenser temperature.
This could be due to the rising viscosity of methane and nitrogen with lower temperature
(table (5.3.3) and appendix D).  The liquid flow downwards is simply slower.
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Fig. (5.3.10) the temperature difference between condenser and evaporator of the methane
2m heat pipe-target system versus the heat load at evaporator in case of the maximum filling
with 9.54 liters at 228 mbar, 295 K.
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The temperature difference between the outer surface of the evaporator and the outer surface
of the condenser sections ranges for methane from 0.62 K to 2.1 K and for nitrogen from 0.2
K to 1.9 K.  Over all LN2 (0.860 g/cm3) has higher performance probably due also to the
factor 2 higher density as compared to LCH4 (0.445 g/cm3).
5.3.2.5) Thermal Conductivity
The effective thermal conductivity Keff  for the heat pipe system [74-76] is determined by the
ratio of heat transfer Q  and temperature difference ∆T between evaporator (T2) and
condenser ( T1).
                                         Keff = AT
QL
⋅∆
⋅

                                                                             (5.1)
Where L is the distance between the measuring points of T1 and T2 and
A is the cross-sectional area of the heat pipe.
For the 2m-heat pipe-target system Keff is shown for each working fluid as a function of
condenser (cold head) temperature and evaporator heat load (at the corresponding liquid
temperature of each working fluid). Also the thermal conductivities of copper, silver and
aluminum [15] are shown as a function of the condenser temperature (cold head).
Hydrogen
Fig. (5.3.12) shows the effective thermal conductivity Keff of the hydrogen 2m-heat pipe-
target system for the maximum filling condition as a function of the heat load for different
cold head (condenser) temperatures.
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Fig. (5.3.11) the temperature differences between condenser and evaporator of the
nitrogen 2m-heat pipe-target system versus the heat load at evaporator. The various curves
are for different condenser temperatures. Measured with the maximum filling with 9.45
liters at 228 mbar, 295K.
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Keff increases with increasing heat load and with decreasing cold head temperature. The
highest thermal conductivity is 1558 W/cm⋅K.
Fig. (5.3.13) shows the same data with condenser (cold head) temperature along the abscissa.
The comparison with the experimentally determined Keff of copper, silver and aluminum heat
conductors’ shows that the heat pipe is about an order of magnitude better (the minimum
0
200
400
600
800
1000
1200
1400
1600
1800
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.8
Heat load (W)
Ke
ff 
(W
/c
m
.K
)
14.4 k
14.6 k
14.8 k
15.0 k
K(LH2)
Fig. (5.3.12) Effect of heat load on the effective thermal conductivity Keff of the hydrogen 2m
heat pipe-target system (the maximum filling) at different condenser temperatures.
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Fig. (5.3.13) Comparison of the effective thermal conductivity Keff of the hydrogen 2m-heat
pipe-target system (the maximum filling) at different heat loads with that of the copper,
aluminum and silver heat conductors at liquid temperature range.
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thermal conductivity of the 2m-heat pipe is 34 times higher than that for copper, 12 times
higher than that for aluminum and 5 times higher than that for silver). The temperature
gradient in the heat pipe is concentrated at the condenser and evaporator where it drives
strong convection. The maximum thermal conductivity for H2, CH4 and N2 and the
conductors’ thermal conductivity are summarized in table (5.3.7).
Methane
Keff of the methane 2m-heat pipe-target system (maximum filling) is shown in fig. (5.3.14).
At the higher boiling temperature of methane the cold head has a higher cooling power
(around 7 Watt) [15], this allows to test the heat pipe at higher heat loads. The highest value
of the Keff  is 352.5 W/cm⋅K.
As mentioned in section (5.3.2.4) the temperature difference increases with decreasing the
condenser temperature, which has the consequence visible in fig. (5.3.14), the Keff at higher
condenser temperatures is higher than that at low condenser temperatures with the same heat
load.
Fig. (5.3.15) shows the same data with the cold head (condenser) temperature as abscissa in
the range of liquid methane and in comparison with the metallic conductivity of copper,
aluminum and silver.
The highest value of the effective thermal conductivity of the methane heat pipe is nearly 74
times higher than that for the copper heat conductor. At this temperature range the metallic
conductors have relatively very small conductivity. The maximum effective thermal
conductivity’s of the metallic conductors and that for the heat pipes operated with methane
are also shown in table (5.3.7).  The advantage of the heat pipe system is here even more
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Fig. (5.3.14) Effect of heat load on the effective thermal conductivity Keff of the methane 2m-
heat pipe target system (the maximum filling) at different condenser temperatures.
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pronounced that at LCH4 temperature Keff  for the heat pipe is higher and Keff for metals is
lower at that temperature.
Nitrogen
The effective thermal conductivity Keff of the nitrogen 2-m heat pipe-target system with the
maximum filling condition is shown in fig. (5.3.16) and fig. (5.3.17). The results are
qualitatively the same as described before in the methane case. Corresponding to the higher
density of nitrogen compared to methane, the heat pipe operated with nitrogen has even
higher conductivity and larger gains with respect to metallic conductors.
1
10
100
1000
92.00 92.25 92.50 92.75 93.00 93.25 93.50 93.75
Condenser temp.(K)
Ke
ff 
(W
/c
m
.K
)
0.2W
0.4W
0.6W
0.8W
1.0W
1.2W
1.4W
Cu
Al
Ag
(LCH4)
Fig. (5.3.15) Comparison of the thermal conductivity of the methane 2m-heat pipe-target
system (the maximum filling) at different heat loads with that of the copper, aluminum and
silver heat conductors at the liquid temperature range.
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Fig. (5.3.16) Effect of heat load on the effective thermal conductivity of the nitrogen 2m-heat
pipe target system (the maximum filling) at different condenser temperatures.
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The highest value of the effective thermal conductivity Keff of the nitrogen heat pipe with this
filling conditions is nearly 118 times higher than that for the copper conductor.
The maximum effective thermal conductivities with H2, N2, CH4 heat pipe-target system and
with aluminum, copper and silver heat conductors are summarized in table (5.3.7)
Table (5.3.7) Maximum effective thermal conductivities Keff values with the H2, N2, and CH4
heat pipe-target system and with aluminum, copper and silver heat conductors.
Temperature
range (K)
Working fluid Heat pipe
Keff (W/cm.K)
KCopper
(W/cm⋅K)
KAluminum
(W/cm⋅K)
KSilver
(W/cm⋅K)
14.4 : 15.0 Hydrogen 1558.4 13 38 85
63.6 : 64.6 Nitrogen 592.2 5.0 8.5 4.5
90.7 : 96.0 Methane 352.20 4.78 3.0 4.2
5.3.2.6 Liquid Mass in the Heat Pipe-Target System
The maximum gas filling in the system is 2.15 liter⋅atmosphere. For the target and heat pipe
operation a part of the available gas is converted into liquid.
The total mass of the working fluid then consists of:
1. the mass of the gas in the bellow system,
2. the cold gas inside the heat pipe,
3. the mass of the liquid in the target and lower part of the heat pipe,
4. the mass of liquid flowing down inside the inner tube of the heat pipe,
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Fig. (5.3.17) Comparison of the thermal conductivity of the nitrogen 2m-heat pipe-target
system (the maximum filling) at different heat loads with that of the copper,
aluminum and silver heat conductors at the liquid temperature range.
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Table (5.3.8) summarizes the total mass and maximal liquid volume for each of the four
working liquids (H2, D2, CH4 and N2) at maximum filling.
The change in the gas volume in the bellow ∆V is determined from the bellow height. As
shown in fig. (4.3), there is a strong relation between pressure and bellow height. This allows
to determine the remaining gas mass in the bellow at any bellow height (not a linear relation).
This mass taken out of the bellow m∆v =∆V x ρgas at 295 K and at the variable pressure
goes to a mass of cold gas in the heat pipe mcold gas = VHP x ρcold gas at 200 mbar, saturation
and the mass of real liquid in the system  ml = m∆v – mcold gas
Where VHP is the volume of the heat pipe and
ml is the mass of liquid in the heat pipe-target system.
The liquid mass and the cold gas mass together disappeared from room temperature filling
because they are much higher densities.
As mentioned before (5.3.2.4) there is in the 2m-target system quite some liquid needed
above the evaporator. It sticks on the surface of the condenser and in the inner tube (for H2,
D2, N2 and CH4 are 1.65 cm3, 1.5 cm3, 1.3 cm3, and 1.3 cm3 respectively). The quantity
required in the target cell and appendix is small compared to that (it is 0.5 cm3 which
corresponds to 38 mg LH2, 86.5 mg LD2, 222.5 mg LCH4 and 429 mg LN2 ).
The amount of liquid H2, CH4 and N2 is examined at various condenser temperatures and heat
loads (figs. (5.3.18 - 5.3.20)).
In all cases the liquid mass decreases with increasing condenser temperature and increasing
heat load on the evaporator due to the decrease in liquefaction rate in the condenser section
and the increase in vaporization in the evaporator (target).
The condensation of the vapor in the condenser and evaporation of the liquid in the
evaporator make a small pressure difference, they drive the mass flow in closed cycle.
The heat load transported over the 2m system allows us to run our cryo targets with thin
windows at low pressures. If one wants to only get high conductivity, then of course one
should choose higher pressure.
Table (5.3.8) Maximum mass of liquid in the 2m-heat pipe target system and target appendix
The maximum filling
(9.54 liters at 228 mbar, 295 K)
Liquid mass
(mg)
Liquid volume
(cm3)
H2 174.8 2.32
D2 315.6 1.95
CH4 1370.3 3.08
N2 2388.9 2.78
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5.3.2.7 Transport of Mass and Heat
Mass flows as liquid in the inner plastic tube from the condenser to the evaporator and back
as vapor to the condenser in the space between the plastic tube and the stainless steel tube.
The mass flow rate m in the heat pipe-target system in dynamic equilibrium with definite
condenser temperature, fixed bellow pressure and a constant heat load is given by:
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(5.3.18) Mass of liquid hydrogen inside the 2m-heat pipe-target system versus the
condenser temperature at different heat loads (the maximum filling).
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Fig. (5.3.19) Mass of liquid methane inside the 2m-heat pipe-target system versus the
condenser temperature at different heat loads (the maximum filling).
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Where Q  is the heat transfer rate (W) from the evaporator (target) to the condenser, hfg is the
heat of vaporization in (J/g) we can take the value at the boiling temperature. Changes are in
the range < 1% for super cold condition.
The mass flow rate of the working fluid increases with increasing heat load. Condensation of
the vapor in the cooled section and evaporation of the condensate in the heated section makes
a small pressure difference and drives mass flow in a closed cycle. At too high heat load there
is no liquid left in the target and the mass transport stops.
The flow velocity of the vapor (cold gas) Vv at a given heat load is calculated from the
resulting mass flow rate m  and vapor density vρ :
                                            
vv
v A
mV
⋅
=
ρ

                                                                                                                     (5.3)
Where Av is the cross sectional area for the vapor flow.
The axial mass flow upwards as vapor, downwards as liquid in the central tube is constant
and equal in the transport section.
Figs. (5.3.21 - 5.3.23) show the mass flow rate and the flow velocity of the cold vapor inside
the 2m heat pipe-target systems for hydrogen, methane and nitrogen at different heat loads.
An increase in the heat load makes an increase in the mass circulation. The mass flow rate to
transfer a certain heat load is nearly constant in the operating temperature range as the
variation of the latent heat of vaporization with boiling temperature is very small (less than
1%).
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Fig. (5.3.20) Mass of liquid nitrogen inside the heat pipe-target system versus condenser
temperature at different heat loads (the maximum filling).
Chapter (5) Results and Discussions – Heat pipe target systems – 2m heat pipe target system
-63-
5.3.2.8 Pressure in the Heat Pipe-Target System
The bellow system has been constructed in order to allow for thin windows of the target cell.
It makes a nearly constant pressure difference between inside and outside of the target cell,
independent of the liquid to gas transformation. When the target is in isolation vacuum, it
gets approximately constant absolute pressure. The remaining gas in the system defines the
bellow height, the gas pressure and the other related thermodynamic quantities like gas
density, boiling and freezing temperature. The gas pressure in the systems is measured 228
mbar with 9.54 liters for the maximum filling at room temperature (fig. (4.3)).
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Fig. (5.3.21) Mass flow rate and vapor flow velocity of hydrogen in the 2m-heat pipe-target
system at different heat loads (7mm diameter).
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Fig. (5.3.22) Mass flow rate and vapor flow velocity of methane in the 2m-heat pipe-target
system at different heat loads (7mm diameter).
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The density ratio of gas to liquid at 200 mbar is given in table (5.3.3). In methane and
nitrogen, it is smaller than for hydrogen and deuterium. Therefore, the pressure change during
liquefaction of the hydrogen and deuterium heat pipe-target systems is higher than with
methane and nitrogen. At fixed pressure the working range for liquid is above the freezing
temperature and below the boiling temperature. We need typically 1.8 cm3 liquid for good
and stable operation of the target.
The gas flow inside the heat pipe is driven by a very small pressure difference. There is a
pressure increase at the evaporator coming from the heat load and pressure reduction at the
condenser coming from the liquefaction.
• This dynamic vapor pressure difference ∆Pv which drives the flow from the evaporator to
the condenser is estimated from Poiseuille’s law for the pressure gradient in a straight
circular cylinder with laminar flow.
Where ρv is the vapor density at operating temperature,
           Vv is the vapor velocity,
           µv is the viscosity of the vapor,
           Q  is the heat transfer rate,
           rv is the radius of the vapor core,
           hfg is the heat of vaporization of the working fluid
   and Le, Lc, La are the lengths of evaporator, condenser and adiabatic sections, respectively.
The vapor Pressure difference ∆Pv is calculated from equation (5.4) for the hydrogen 2m heat
pipe-target system when the heat load is 0.5 W and operating temperature of 15.0 K.
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This is a small pressure difference indeed.
• The hydrostatic pressure difference ∆Ps for the liquid column in the target appendix in the
gravitational field is given by
)5.5(sinθρ lLglsP =∆
Where ρl is the liquid density,
           Ll is the liquid column length and
           θ is the heat pipe inclination relative to the horizontal position.
With θ  = 90o to the horizontal, a liquid column height Ll of 4 cm and a liquid density ρl of
0.0755 g/cm3 at 15 K the hydrostatic pressure difference ∆Ps is:
mbar
m
N
sP 296.026.2990sin04.081.95.75 =





=×××=∆
This corresponds to a small increase in the boiling temperature of about 0.002 K in the target
cell and it may help in eliminating bubbles in the lowest part of the liquid column (just the
target region).
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5.4 Regulation of Condenser Temperature
5.4.1 Condenser Temperature Fluctuation
The 2nd stage of the target-cooling machines has up to 0.4 K peak to peak fluctuations (see
fig. (5.4.1) and Table (5.4.1)) at liquid deuterium (LD2) temperature (19.1 – 18.7 K). These
fluctuations are produced by the machine itself. Since Deuterium at 200 mbar has a narrow
liquefaction range of 0.4 K, these fluctuations can not be tolerated.
Fig. (5.4.1) The condenser temperature fluctuation at LD2 temperature without stabilization.
Table (5.4.1) Comparison of some experimental data for our target cooling machines.
machine_1 machine_2 machine_3 machine_4
Minimum temperature achieved
at the 2nd stage (K) 10.20 9.56 11.45 10.18
Peak to peak fluctuation
at minimum temperature 0.60 K 0.67 K 0.52 K 0.71 K
At LH2 temp. (15.0 K) 0.44 K 0.5 K 0.26 K 0.44 K
At LD2 temp. (18.9 K) 0.33 K 0.36 K 0.22 K 0.40 K
We tried to decrease this fluctuation by using different cold head control heaters. We found
that the temperature reacts after switching on (or off) the full heating power (~12 W) after >
40 seconds only, while the period of the cold head fluctuations is ~20 seconds. (See fig.
5.4.1). We conclude that a compensation of these fluctuations by direct heating is not
possible.
The problem can be solved by introducing a thermal resistance between the 2nd stage of the
cooling machine and the condenser (see fig. (5.4.2)). Having the cooling machine at lower
temperature provides a temperature difference on this thermal resistor that allows stabilizing
the condenser temperature by controlled heating power.
This system has a very short time constant now. But it introduces the problem that the
cooling power of the cooling machine goes down with cold head temperature (see fig. 5.4.3)
and should not become too low if too large thermal resistance is installed.
As resistors we use 4 stainless steel or brass washers with a thickness of 0.8 mm, and a
diameter is 9.0 mm. They are simply inserted between the cold head and the condenser. Table
(5.4.2) shows their thermal conductivity and resistance. The direct contact between the cold
head and the aluminum condenser with 12.6 cm2 indium contact foil has negligible thermal
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resistance as compared to the resistances shown in table (5.4.2). With 7 mm and 16 mm heat
pipes we checked the effect of these resistances with power regulation on the cool down time,
the temperature fluctuation value peak to peak and the minimum cold head temperature.
Fig. (5.4.2) The condenser temperature stabilization. Shown are heater, aluminum condenser,
thermal resistor (“4 washers”) and 2nd stage of the cooling machine.
Table (5.4.2) the thermal resistors parameters.
Washers
material
Washers area
(cm2)
Washers
thickness (cm)
Washers thermal
conductivity (W/K)
Washers thermal
resistivity (K/W)
Stainless steel 2.04 0.08 0.069 14.57
brass 2.04 0.08 0.509 1.96
 Fig. (5.4.3) The cold head cooling power at different temperatures.
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5.4.2 Fluctuation with Thermal Resistance and Heating
1- Fluctuation of Condenser Temperature at LD2 Conditions
The condenser temperature fluctuation decreases with increasing thermal resistance used. So
the stainless steel washers fluctuations are smaller than the brass washers (see table (5.4.3)).
This was confirmed by the experimental results.
Table (5.4.3) the condenser temperature fluctuation at LD2
Condenser temperature Fluctuation at LD2
Stainless steel Brass
Machine_1 0.05 K 0.16 K
Machine_4 0.04 K 0.14 K
Figures ((5.4.4)-(5.4.5)) show the condenser temperature fluctuations with brass and steel
washers at the LD2 temperature. Also the condenser temperature fluctuations at liquid
hydrogen temperature with using stainless steel and brass washers were measured (see table
(5.4.5)).
Fig. (5.4.4) The condenser temperature fluctuation at LD2 temperature with 4 brass washers
(cold head_4).
Fig. (5.4.5) The condenser temperature fluctuation at LD2 temperature with 4 stainless steel
washers (cold head_1).
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2- The Condenser Minimum Temperature
The thermal resistance decreases the heat transfer rate to the condenser and its minimum
temperature (table (5.4.4)) will rise to more than the values shown in table (5.4.1).
The experimental values of the condenser temperature are shown in table (5.4.4) for the
cooling machine_1 with 4. The condenser temperature with 4 stainless steel washers is higher
than the hydrogen liquefaction temperature at 200 mbar (liquefaction range 15.9-13.9 K). We
could liquefy Deuterium (liquefaction range 19.1-18.7 K at 200 mbar) but not hydrogen. We
did not use this solution, because we want to use the same apparatus with hydrogen and with
deuterium during the beam time. The condenser temperature with 4 brass washers is low
enough to liquefy the hydrogen and deuterium at 200-mbar pressure. We use this solution.
Table (5.4.4) the minimum condenser temperatures achieved with thermal resistors.
Minimum condenser temperature with
using thermal resistors
Stainless steel Brass
Minimum condenser
temperature without using
thermal resistors
Machine_1 15.8 K 14.0 K 10.20 K
Machine_4 15.7 K 13.8 K 10.18 K
5.4.3 – Control of the Cool down Time with Thermal Resistance
The experiment time is one of the most valuable parameters. Saving time during cooling the
target to the LD2 or LH2 temperature or heating it up is a very important factor. For this
reason we must check the effect of the thermal resistance on the cool down time. Of course
the cool down time will increase by using higher values thermal resistances. The big effect
appears after the liquefaction starts because the cooling power of the cooling machine is low
at low temperatures (see fig. (5.4.3)). So the effect of the resistance is big in these
temperatures. Figures ((5.4.6)-(5.4.7)) show the time dependence of the condenser and
evaporator temperatures with using 4 brass washers for hydrogen and deuterium with 7-mm
diameter heat pipe.
The experimental result shows that the LH2 starts after 40 minutes from starting cool down
compared with 38 minutes without resistance (see table (5.4.5)). The time from starting the
liquid until the target cell has LH2 is 16 minutes compared with 8 minutes without resistance.
The LD2 starts after 40 minutes from starting cooling down compared with 38 minutes
without resistance. The time from starting the liquid until the target cell has LD2 is 11
minutes compared with 7 minutes without resistance. The cool down time for LH2 and LD2
were measured also for the 16mm diameter heat pipe.
Table (5.4.5) shows the cool down time and condenser temperature fluctuations with
aluminum condenser for 7 mm and 16 mm diameter heat pipe with and without brass thermal
resistance.
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Fig. (5.4.6) the LH2 time dependence of the condenser temperature and the evaporator
temperature during cool down of 7 mm HP using 4 brass washers (cold head 4).
Fig. (5.4.7) the LD2 time dependence of the condenser temperature and the evaporator
temperature during cool down of 7 mm HP using 4 brass washers (cold head 4).
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Table (5.4.5) cool down times and condenser temperature fluctuations with aluminum
condenser for 7mm and 16mm diameter heat pipes and brass thermal resistors.
Cool down time (min.)forHeat pipe
diameter
Gas name
T1
Condenser
T2
(Evaporator)
Fluctuation
values peak to
peak
H2 gas 38 46 ≅ 0.44  K
No regulation
7 mm diameter
Heat pipe
D2 gas 38 45 ≅ 0.40  K
H2 gas 38 56 ≅ 0.44  K16 mm diameter
Heat pipe
D2 gas 38 48 ≅ 0.33  K
7 mm diameter H2 gas 40 56 ≅ 0.20 K
Regulation by Heat pipe D2 gas 40 51 ≅ 0.14 K
4 brass Washers 16 mm diameter H2 gas 40 71 ≅ 0.20 K
Heat pipe D2 gas 40 58 ≅ 0.16 K
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5.5 Cold Gas Target
5.5.1 Why Cold Gas Target
In order to study proton-neutron interactions with the COSY proton beam, one would need a
neutron target. Free neutron targets do not exist. Therefore one uses neutrons which are
bound in deuterium nuclei. The binding energy of deuterons is only 2.2 MeV, comparatively
very small with COSY proton energies. These neutrons behave nearly as if they are free. The
proton and neutron move in the deuteron potential with a certain momentum, opposite in
direction and equal in magnitude (otherwise the deuterons themselves would move). In the so
called spectator model, one assumes that in a reaction between a COSY proton and one of
these bound neutrons, the partner proton in the bound deuteron system comes out with the
momentum, which it had inside the deuteron potential at the moment of the interaction. So
measuring this spectator proton momentum vector (e.g. energy and direction) gives
information about the opposite momentum vector of the moving target neutron.
The spectator proton and neutron in deuterons have the so-called Hulthen momentum
distribution [97]. The corresponding probability for the nucleons in the deuteron to have a
certain momentum is shown in fig. (5.5.1). We see that 70% –80% of the spectator protons
have momenta below 200MeV/c (nearly 21MeV kinetic energy). This majority we have to
measure for efficient tagging. The maximum of the proton spectrum is about 40 MeV/c
(0.9MeV kinetic energy). Such protons have very high-energy losses in matter and very short
range (0.1mm LD2 is enough to absorb these 40 MeV/c protons). Our LD2 target of 4mm
thickness would completely absorb protons up to 7.75 MeV energy (120.5 MeV/c).
Dependent on the position of interaction they might leave the target. But then an unknown
amount of their energy is lost we do not know what the real spectator energy was. So we also
can not make a conclusion what the four vector of the target neutron was. Therefore we have
to reduce the thickness of the target until the unavoidable energy loss of the spectator protons
in the target thickness is small compared to the energy of the spectator. The energy losses of
Fig. (5.5.1) Hulthen momentum distribution of the spectator protons and neutrons in
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spectator protons change depending on the position where they are created. Fig. (5.5.1) shows
that we should be able to determine precisely average proton momenta below ≈ 50 MeV/C or
energies below Eproton ≈1.0MeV in order to get enough tagging efficiency. If we allow for 0.1
MeV uncertainty of Eproton, then we can allow for absorbing deuteron layers of 0.3mg/cm2
(dE/dX =0.355 MeV/(mg/cm2)) [73]. So with deuterium gas at density of 0.5 mg/cm3 (at 20K
and 200 mbar) and allowed energy losses of 10%, one can calculate the required target
thickness in mm.
S
EX
⋅
∆
=
ρ
Where ∆E (MeV) is the spectator proton energy loss,
           S is the stopping power in (MeV/(mg/cm2))
           X is the target thickness in mm and ρ is the deuterium target density in mg/cm3
X = 
))//((3546.0)/(5.0
)(1.0
23 cmmgMeVcmmg
MeV
×
=5.6 mm
We can use target thickness ≈ 6 mm (0.3 mg/cm2). In table (5.5.1), we show corresponding
deuteron layers thickness for different thermodynamic conditions. For liquid deuterium the
thickness is too small for our target techniques. For 1.0 bar or higher gas pressure, the
necessary windows thickness would be too thick and then will create too much background.
A reasonable solution is a deuterium gas at 0.2 bar with our pressure stabilization system and
the 0.9µm thickness Mylar windows. The necessary density increase will be obtained by
cooling it to LH2 temperature (20 k). The density is 14 times higher than at room temperature.
Table (5.5.1) different target thickness with 0.3 mg/cm2 that allows 10% energy losses
Target thickness
allows 10%
energy losses
Liquid deuterium .002 mm
Gas deuterium at 1.0 bar and 300 K 17.8 mm
Gas deuterium T 0.2bar and 300 K 88.9 mm
Gas deuterium at 0.2 bar and 20 K 5.6 mm
If we want to reduce its thickness, we simply increase its temperature. If we want to increase
the thickness, the only solution is either to increase the pressure or the length (we can not go
below the condensation temperature). Both are bad, because increasing the pressure means
thicker windows, and increasing length means decreasing the angular acceptance. It must be a
compromise between all the parameters.
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5.5.2 Cold Gas Target Principle
We use the pressure stabilization system at 200 mbar for D2 gas. This allows for very thin
windows. In order to get the correct D2 thickness, we cool it down by a liquid hydrogen
jacket. We must stay above liquefaction temperature of D2. As one can see in the H2/D2 phase
diagrams in fig. (5.5.2). LH2 at 1100 mbar pressure has a boiling temperature of 20.6 k which
is >1.5 K above the D2 boiling temperature (19.1k at 200 mbar). The two gases (H2, D2) are
completely isolated from each other. The LH2 will be produced by the standard heat pipe
system at 1100 mbar pressure.
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For first tests we used a rubber balloon as a reservoir for gaseous H2. The pressure inside it
was measured by a Setra pressure gauge as a function of the balloon diameter and volume.
The relation between balloon diameter and pressure, volume and hydrogen mass is shown in
fig. (5.5.3). Also shown is the dependence of these variables on the amount of liquid H2
condensed in a negligible volume in the LH2 heat pipe. The experimental results show that
the pressure change is not too big and we can obtain enough liquid volume. If we start with a
balloon filling of 22cm diameter in warm conditions, we reach a diameter around 19.5 cm in
working condition, which corresponds to 2 cm3 LH2.
5.5.3 Heat Pipe Modification
We modified the standard target 7mm diameter heat pipe for the cold gas target application.
The normal heat pipe gas input gets now 1.1 bar hydrogen gas from a rubber balloon. We
added a 2nd independent gas input for the stabilized 200mbar D2 gas into an extra cylindrical
cell with 0.9µm Mylar windows. We replaced the galvanized copper target appendix by a
stainless steel tube with 7mm inner diameter (we extended the adiabatic section 5 cm more
than the standard, see fig. (5.5.4)).  The last 2cm are shaped rectangular (4x7mm). Here the
cylindrical gas cell is soldered into the center of the liquid hydrogen appendix. After the
liquefaction started, the LH2 falls down and accumulates a column of liquid around the gas
cell. Fig. (5.5.4) shows a schematic diagram for the 2-inputs, 7-mm diameter heat pipe with
the gas target cell and aluminum condenser. Table (5.5.2) summarizes the parameters of the
cold gas target heat pipe.
Table (5.5.2) the parameters for the cold gas target heat pipe with aluminum condenser.
Total  HP length 31.0  cm
Part with 16 mm diameter 7.5 cm
Part with 7 mm diameter 23.5  cm
Gas target cell thickness 7 mm
Gas target cell inner diameter 5.6 mm
Gas target cell wall thickness 0.2 mm
inner tube length 180 mm
outer diameter 3.2 mm
Wall thickness 0.1 mm
Inner tube weight 0.55 g
weight of  HP without 2 gas connector s 14.8 g
weight of 2 gas connectors 10.88 g
Weight of Al condenser 20.00 g
The total weight 46.25 g
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5.5.4 Diffusion Through the Rubber Balloon (2nd Gas Reservoir)
For the cold gas target we use as a second gas reservoir a rubber balloon filled with 1.1 bar
H2 gas. The balloon thickness without filling is 1.0 mm and under filling by 1.1 atmosphere is
0.5 mm. Diffusion “in” (air humidity) and “out” (hydrogen) must now be considered. There
are growing impurities and a quite fast loss of hydrogen (fig.(5.5.5).
The Arrhenius expression allows calculating the diffusion coefficient as a function in
temperature [89].
                                         oA DD = exp 



 −
RT
Q                                                         (5.6)
Where
DA  is the diffusion coefficient in cm2/s
Do   is the diffusion constant in cm2/s
Q    is energy in kcal/gmol
R    is the universal gas constant in joule/mol.k
T    is the temperature in k
Control heater
Aluminum
condenser
40 mm
16mm diameter
7mm diameter
Condenser section
(75 mm)
Adiabatic section
(190 mm)
Evaporator
section
(45 mm)
Gas target cell
6 mm diameter,
7mm thickness
Inner plastic tube
3mm diameter
Liquid collector
Fig. (5.5.4) schematical drawing of the cold gas heat pipe target combination
1 mm diameter
D2 gas tube
D2 gas input
4 mm
H2 Gas input
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Values for three gases are shown in table (5.5.3)
Table (5.5.3) Summary of diffusion coefficients, concentrations and diffusion flux
Do (cm2/s) Q (kcal/gmol) D(m2/s) CA(kmol/m3) NA
(kmol/s.m2)
H2 1.36 8.1 1.5 x 10-10 4.4 x 10-2 1.3 x 10-8
N2 34.0 12.1 4.7 x 10-12 3.2 x 10-2 3.0 x 10-10
O2 43.0 11.9 8.3 x 10-12 8.5 x 10-3 1.4 x 10-10
The gas concentration CA in (kmol/m3) is related to the partial pressure PA (bar) by
CA=PA/RT, where R is the universal gas constant = 0.08314 (m3.bar/kmol.k), T is the
temperature in k.
For H2 gas at 1.1 bar in the balloon and outside with partial pressures of 0.791 bar for N2 gas
and 0.212 bar for O2 gas, all at 300 k, we calculated the concentration before the diffusion
starts (table (5.5.3))
Then we use the Fick’s law to calculate the diffusion flux through the rubber.
                            AN = δ
)( AiAoA CCD −                                                                      (5.7)
where
AN    The diffusion flux through the rubber in kmol/s.m
2
DA      the diffusion coefficient in cm2/s
CAo   the outside concentration in kmol/m3
CAi    the inside concentration in kmol/m3  , δ   is the rubber thickness in m.
Rubber
Air (0.2 bar O2                                        1.1 bar H2
        0.8 bar N2)
             NN2 , NO2                                     NH2
            CN2o, CO2o, CH2o                      CN2i , CO2i , CH2i
Out concentrations                           in concentrations
δ=0.5 mm
Fig.(5.5.5)The diffusion “in” and “out) the rubber balloon reservoir
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For H2, N2 and O2, we calculated the diffusion flux NA from inside the balloon to the outside
or vice verse (table (5.5.3)).
To check the effect of this diffusion flux on the H2 quantity inside the balloon, we calculate
the number of molecules of H2 inside the balloon and compare it by the number of molecules
diffused in and out.
For H2:
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We also calculated the number of molecules diffused “”in” for N2 and O2. Table (5.5.4)
summarizes the diffusion effects “in” and “out”.
Table (5.5.4) the diffusion rates and missing rates for H2, N2 and O2 gases
Diffusion rate out or in
N (molecule/hour)
Missing percentage
in one hour
Missing percentage
in one day
H2(out) 3.9 x 1021 2.8% 67.2%
N2(in) 2.05 x 1016 0.077% 1.85%
O2(in) 9.6 x 1015 0.003% 0.072%
From table (5.5.4), we can not work for long time with this balloon. So the hydrogen balloon
must be jacketed in another container filled with hydrogen gas as a diffusion barrier.
5.5.5 Cold Gas Target Performance Measurements
The cool down time for the hydrogen system:
Fig. (5.5.6) shows the LH2 cool down process with details of the time dependencies of the
temperatures, pressure, and the liquid level for LH2. We used the filling condition 5.3-liter at
1087-mbar pressure. The LH2 condensation began 39 minutes after switching on the cooling
machine. The LH2 reached the target cell after 47 minutes and few seconds later the target
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was full and stable. During the time difference of (47-39) 8 minutes the liquid proceeds down
towards the evaporator section. Once the first droplet arrives, there is a fast temperature
decrease in the evaporator region (see fig. (5.5.6)). As soon as the arriving liquid remains
cooler than the boiling temperature at 1087 mbar (20.5 k), a liquid column appears in the
target tube. The hydrogen gas volume and pressure decreases and the balloon shrinks (see fig.
(5.5.6). The fluctuation of the liquid and pressure curves during the cool down time is due to
the explosive droplet evaporation in the inner plastic tube.
The total integrated heat capacity for the cold gas target heat pipe at high-pressure (1088
mbar) is 1.4 kJ (for 15 g steel C= 1.215 kJ, for .55 g plastic C=175 J). The observed 8
minutes cool down time to liquid hydrogen condition (20.0 K at the evaporator) correspond
to a rate of heat transfer with LH2 Q = )(608
)(1400
s
Joule
×
=2.9 W.
This is about the cold head power at 20 K.
The H2 mass flow rate m  inside the heat pipe is then
m  = 
)/(
)(
gJouleh
WattQ
fg

 = 6.52×10-3 g/s
(Where hfg is the hydrogen latent heat of vaporization =445.3 J/g)
The H2 vapor velocity inside the heat pipe is:
Vv = 
)()/(
)/(
23 cmAcmg
sgm
vv ×ρ

= 15.8 cm/s
(Where Av is the area where vapor can flow =0.314 cm2 and ρv=1.312x10-3 g/cm3)
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Fig. (5.5.6) the time dependence of the temperatures, the pressures, and the liquid level
for the LH2 for the cold gas target with 7mm diameter heat pipe
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The cold gas density:
The purpose of designing the cold gas target is to have lower temperature with higher density.
For ideal gas (where PV=RT), we expect that our deuterium gas density at temperature T and
pressure P is                                  
)(
)(
)(
)(
),( mbarP
mbarP
KT
KT
ref
ref
refPT ××= ρρ
The deuterium gas density at 20 K has nearly 15 times density more than at room temperature
and the same pressure. We note that the D2 pressure in the gas cell decreased from 200 mbar
to 180 mbar after the arrival of the LH2 in the jacket around the cell (fig. (5.5.7)) and rises
again to 200 mbar when the LH2 is evaporated and the gas cell heated up. We have two
volumes Vw and Vc with the total volume Vt is fixed and equal  (Vw + Vc ).
Where Vw is the warm volume,
           Vc is the cold volume and
           Vt is the total volume at T= 300K and P=200 mbar.
At room temperature and no cooling takes place, the gas volume and the pressure is
homogeneously distributed in all the volume and we have the same gas density
)200,300( mbarKrefρ =3.3x10-5 g/cm3. But after the cooling takes place then we have two
densities and different pressure. High density in the cold part )180,20( mbarKcρ =4.5 x10-4
g/cm3  which is 13.6 times )200,300( mbarKrefρ , and low density at the warm part,
)180,300( mbarKwρ  = 2.97x10-5 g/cm3 which is 0.9 times )200,300( mbarKrefρ , and a gas
flow takes place from the warm part to the cold part. At steady state (i.e. no flow inside the
volume) we can apply the following relation
The amount of gas inside the volume at T=300 K and P=200 mbar is equal
tref V×ρ (where Vt =29.5cm3)
tref V×ρ = ( )180,20( mbarKcρ . Vc) + ( )180,300( mbarKwρ . Vw)
              = 


×××+




××× wrefcref VV 200
180
300
300
200
180
20
300 ρρ
           tV = wcwc VVVV ⋅+⋅=+ 9.05.13 =29.5 cm
3
          Vw = 125 Vc
Then     Vw =  29.27 cm3
and      Vc=0.23 cm3 which nearly equal the gas cell volume (0.19 cm3)
This means that the gas density in the gas cell increased ≈13.6 times more than at room
temperature.  This exactly like if we used target cell filled with D2 gas at 2.45 atmosphere and
300 K (would need thicker Mylar windows).
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5.6 The Automatic Control System (ACS) for the Vacuum
5.6.1 Construction of the (ACS)
The control of any equipment can be viewed as a set of tasks that interact with the equipment
with the purpose of starting it up, operating it in a normal mode, and driving it to a safe mode
when an emergency occurs [62]. A process control loop consists of sensors, controller, and an
actuator. Fig. (5.6.1) shows a process control loop. Sensors are used to measure the process
variables like temperatures, pressure, flow rate etc. The controller is the heart of the system, it
takes action on actuators when sensors show deviation from a wanted status. The actuators are
the driving elements on the process in a control loop. Actuators are usually valves, pumps,
and other control switches [91].
Fig. (5.6.1) A process control loop
Control systems for accelerators or physics experiments are dominated by “home made”
systems by using Programmable Logic Controllers (PLC) and other industrial equipments.
Fig. (5.6.2) is a block diagram for the TOF vacuum Automatic Control System. We used
SIMATIC S7-300 PLC (programmable logic controller) software and hardware to develop the
control program, and Windows Control Center to develop the human machine interface
program. SIMATIC S7-300 PLC is a quite new product from Siemens. The S7 has a powerful
development and diagnostic tools, conforms to national and international standards and is
used already at the COSY accelerator.
The programmable controller can be upgraded with additional modules when tasks grow and
become more complex. The S7-300 programmable controller is modular in design and a wide
range of modules is available for expansion. Also complex function modules like position
controllers, PID controllers etc. are available. The SIMATIC S7-300 can be operated with up
to 32 modules distributed over a central rack and 3 expansion racks. Every rack houses
maximal 8 modules. Many programming languages are available for building the control
programs for example STL (statement language), FBD (function block diagram), and LAD
(ladder logic) etc.
PLC periphery can be transparently extended by ET 200 type of distributed input/outputs.
SIMATIC S7 already meets future requirements, both hardware and software developments
are based on IEC 1131 because IEC 1131 is the product standard for tomorrow’s
programmable logic controller [64-66].
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Fig. (5.6.2) block diagram for the TOF Automatic Control System
The main functions for the COSY TOF ACS are:
• Monitoring the state and history of the TOF vacuum system,
• Setting parameters,
• Switching on and off subsystems or operations,
• Archiving the vacuum values and temperature for the last 30 minutes,
• Writing the vacuum and temperature values in files whenever there are changes.
SIMATIC S7 provides powerful development tools, a high degree of flexibility and allows for
future changes and extensions of the vacuum system. Furthermore it has an internal database
and a pre-defined alarm system.
We used as a human machine interface the Siemens product Win CC. Win CC is a PC based
system that runs under windows 2000, NT or 98, and offers most of the “open” interfaces
found in Microsoft environment. It supports different bus systems (MPI (multi point
interface) and PROFIBUS-DP (PROgrammable FIeld BUS-Distributed Input/Output)) and
several protocols for accessing SIEMENS PLCs. We choose the MPI in our ACS. (With MPI
it is possible to establish networks with up to 16 CPUs via “Global Data Communication”.
The main components for the Win CC are:
• Graphic designer editor, the pictures can be drawn comfortably and the attributes of the
graphical objects can be connected to the vacuum system variables.
• Alarm system editor, it is responsible for acquiring and archiving messages. It contains
functions for accepting messages from processes and preparing, displaying
acknowledging and archiving them.
• Tag logging editor, it contains functions for taking over data from processes which have
been executed and prepares these data for displaying and archiving, these data can provide
significant industrial and technical information concerning the operating states of the
system.
PC computer with
SIMATIC S7
control program
&
Windows control
center program
PLC modules, PS,
CPU, DI, DO, AI
Pumps,
Valves,
Vacuum
and
temperature
measurements
Input control
Box
Output control
 Box
MPI
O/Ps from the
DO modules
I/Ps to the DI
and AI modules
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• Text library editor, it is used to edit texts which we used by the various modules in the run
time system.
• Global script editor, it is the generic form for C functions and actions that depending on
the type can be used project wide or even project spanning.
• Cross reference editor. By cross-reference editor, we can find all places of use for specific
object (tags or pictures). Display an object’s place of use in order to edit or delete the
place of use. Change the names using the linking function without the risk of causing
inconsistencies in the configuration.
• Report designer editor. It is a part of Win CC basic package that provides functions for the
creation and output of reports.
• User administrator editor, it is used to assign and monitor user access authorization to the
individual editors of the configuration and run time systems.
• Variety of channels DLLs to support a lot of industrial networks and PLC types.
• Database, Win CC integrates SYBASE for the storage of the variable values and alarms.
5.6.2 Possibilities in the ACS
A normal PC runs Win CC under Windows NT with (fig. (5.6.2)). The process data base and
operator interface are located on this computer. The connection between the Win CC
computer and the S7 PLC is made by using the MPI (multi point interface cable). The ACS
has one S7-300 PLC (CPU 315-2 DP), two digital input modules (32 inputs each), two digital
output modules (32 outputs each), and one analog input module (8 channels with 12-16 bits
each). Future extensions in TOF vacuum system and the liquid hydrogen target system are
possible.
The user interface includes editing of most parameters, command buttons for the vacuum
pumps and valves, textual or graphical display of all vacuum system components. The Win
CC option storage is used to archive the vacuum values and temperature.
The developed ACS has many possibilities for the operation and control for the TOF vacuum
system.
• Selection of Automatic or Manual operation mode: is made with switch S2 (fig. (5.6.3)).
For both conditions, all operations follow the flow charts (in appendix F), making sure
that the computer ACS takes care of the safety precautions.
•  Automatic selection: the “start”/”stop” high vacuum protocol for starting the system to
the high vacuum situation, or stopping the system from the operation to the stop situation
is completed automatically due to preset protocols (switch S3 in fig. (5.6.3)). See the flow
charts in appendix (F). When the “start”/”stop” high vacuum is in “stop”, then we can
make venting for the vacuum system to come back by the system to atmospheric pressure.
During the automatic operation of the vacuum system, the beam line area between V_7
and V_12 can be isolated from the whole TOF vacuum system for repairing or
adjustment.
• Manual selection: the “start”/”stop” high vacuum protocol for starting the system to the
high vacuum situation, or stopping the system from the operation to the stop situation is
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completed manually by mouse click by the user, taking into consideration of course the
safety interlocks (see appendix F). When the “start”/”stop” high vacuum is in “stop”, we
can make venting for the vacuum system manually to come back by the system to the
atmospheric pressure. Manual mode operation is protected also from unauthorized people
by the manual enable.
• The ability to “start”/”stop” high vacuum at any vacuum values without danger of
destruction for the vacuum components.
• The ability to make safe stops for the whole system in case of emergency by using the
“emergency” switch.
• The ability to protect the ACS during the TOF operation from the unauthorized users by
using “safety enable”.
• Special operation for the automatic valves V_6 and V_10 which make the connection to
the high vacuum volume (protecting the start detector, the target region and the cryo
pump).
5.6.3 Testing the ACS
Testing the ACS outside the actual TOF vacuum system with the purpose of increasing the
confidence level on the compliance of the ACS program to the functional and temporal
requirements is very important. The need to obtain a high confidence level from the ACS
operation arises from the fact that in most of the cases it is quiet dangerous and expensive to
test unproved PLC operation by linking it with the actual facilities that it is going to control
[62]. The ACS was tested under realistic condition before it was installed in TOF. We reached
safe operation of the ACS and minimized the danger of damaging system components.
The tests of the TOF vacuum ACS were done in two steps:
1- By using signal simulation, for all the input signals from a hypothetical TOF vacuum
system to the ACS. Also we used indicators to see the ACS responses. At this stage one
can decide that the ACS interacts with the input signals in a correct way and gives the
correct decision, which appears on the indicators. This test is without risks and gives the
chance to do the next stage test, after which we are sure that the ACS works in the correct
direction and the temporal and functional requirements are tested.
2- By using a small vacuum system, we were more closer to the real situation of the TOF
vacuum system. We used a vacuum system, which consists of a vacuum vessel (90 liters)
separated by a 20 µm Mylar foil of 0.28 m2, making a high and low vacuum
compartments like in TOF (fig.(5.6.3)). One turbo pump, two mechanical pumps, one
automatic valve, two vacuum measurements, one temperature measurement. We tested the
ACS in all operation modes. The test results show that the ACS works correctly, has a
good reliability, flexibility and has a stable transition from automatic mode to manual
mode and vice versa. The isolation of the beam line area succeeded without problems. The
operation for the valves V_6, and V_10 succeeded. Starting the high vacuum at different
vacuum values was tested and worked well without dangerous effects on the vacuum
system components. The data acquisition system worked successfully, and the vacuum
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and temperature values are saved in files at different selected acquisition times. Now an
intelligent data acquisition system is working to save only the data if there is a change at
least in one variable value. This intelligent acquisition system has two advantages. First,
we save a lot of storage space by avoiding to write series of unchanged data, second, we
have increased the acquisition rate whenever there are changes. If there is a problem, one
gets then enough data to analyze the origins of this problem.
Fig. (5.6.3) schematic on line screen for the TOF vacuum system
5.6.4 The ACS User Interface
The user-machine interface is very important for the users. It must be very simple and clear,
give the users the required flexibility to do what they want. So using the Windows Control
Center human machine interface meets these requirements. The ACS has 11 user interface
screens. They are “START”, “SCHEMATIC”, “SCHEMATIC_CHS”, “PICTURE”,
“CHARTS”, “MANUAL_MODE”, “INPUT_STATES”, “ERRORS”, “ACQUISITION”,
“ALARMS” and “SAFETY_ENABLE”. The screens used to control the operation of the
vacuum system, display the measured variables values, display the condition of the vacuum
components (“ON”/”OFF”, “OPEN”/”CLOSED”, “NORMAL”/”ERROR”, “HIGH
PRESSURE”/”LOW PRESSURE”, “WATER FLOW”/”NO WATER FLOW”), writing the
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vacuum and temperature values in files. Fig. (5.6.3) shows the SCHEMATIC on line screen
during the run with a lot of information about the vacuum system. It gives the user the
possibility to select the operating mode (automatic/manual), the chance to stop the system
instantaneously by the emergency switch, venting the vacuum system, isolating the beam line
region, and switching the TP_6 to standby mode or sending a reset signal to it.
5.6.5 Implosion Monitor for TOF Vacuum Safety
The complex TOF vacuum system is connected directly via the beam pipe with the ultrahigh
vacuum of COSY. Leak or a breaking target window inflates the beam pipe and COSY if one
does not have fast valves somewhere in the ≈ 100m long beam line. One needs a fast detector
for a possible leakage detection, which allows closing the safety valves. The distance between
monitors and possible leaks must be short and the distance from monitor to valve must be
large enough in order to allow closing the valve before the acoustic shock arrives to the
monitor valve. Distances monitor-valve of >10 m and velocities of ≈ 300 m/s give an overall
time window for detection and mechanical reaction of the valve of ≈
s
m
m
300
10
≈30 ms. Standard
vacuum measurement devices are too slow. They need 100ms or more. We use small and
cheap (electret) microphones as sensors for pressure increases. With their bandwidth above 10
kHz they have <10-4 s response time [98].
We built a test system to check the response time and the sensitivity of such microphones (fig.
(5.6.4). The test system consists of a 10cm diameter –225cm long steel tube where we see the
shock wave travelling. From the gas leak on one end with microphone_1 the shock wave
reaches microphone_2 at the other end. An 86 cm3 chamber is used as a source for the leak. It
can be filled with different pressures and gases. It is separated from the main volume by a 8.0
Microphone m_1Microphone m_2
Vacuum
measurement
Pressure
measurement
Copper
piston
Press to cut
the foil
Mylar foil
86 cm3 chamber
with bellow walls
Turbo pump
Mechanical pump
225 cm
Fig. (5.6.4) schematic diagram for the mechanical set up used in the laboratory to test
monitoring leaks by microphones as fast monitors
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µm thick Mylar foil. We make the fast leak with copper piston pushing the Mylar foil to break
it suddenly. The measurement devices and microphones are indicated in fig. (5.6.4). A turbo
pump allows achieving 10-6mbar in the 225cm long tube. The two microphones have a
distance of 225 cm. The microphones are insensitive for sound travelling in the solid material
of the vacuum system. This is due to the very light membranes of the small electret
microphones. In addition a simple and effective method to decouple the mechanical
Fig. (5.6.5) from (a) to (f) show the response of microphones (m_1) and (m_2) on the gas
flux as function of the total amount of injected gas.
(a) 86cm3 at 10-5 mbar  (b) 86cm3 at 0.1 mbar (c) 86cm3 at 1.0mbar
(d) 86cm3 at 10.0 mbar (e) 86cm3 at 20.0 mbar (f) 86cm3 at 100.0 mbar
(a) (b)
(c) (d)
(e) (f)
0.2 V 0.2 V
1.0 V
0.05 V
1.0 V
0.5 V
1.0 V
0.5 V
1.0 V
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86cm3 at 10-5 mbar 86cm3 at 0.1 mbar
86cm3 at 1.0 mbar 86cm3 at 10.0 mbar
86cm3 at 20.0 mbar 86cm3 at 100.0 mbar
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oscillations from the microphones is applied by mounting them together with a heavy weight
on a soft suspension.
The responses of the two microphones on fast gas leaks (from (0.0 mbar. 86cm3) to (100
mbar. 86cm3) are shown in fig. (5.6.5). A leak of (1.0 mbar. 86cm3) can safely trigger the
microphones (picture (c) fig. (5.6.5). The up and down fluctuations in pictures (e) and (f) in
fig. (5.6.5) are due to the reflection of the shock wave in the vacuum tube more than one
time(this happened only on using pressures ≥ 20 mbar in the 86cm3 chamber).
Fig. (5.6.6) shows the response of the microphones on a mechanical shock (22 g iron falling
25 cm down on the middle of the 225 cm long vacuum tube between m_1 and m_2). It is
demonstrated that a soft suspension together with an extra 10g weight reduces strongly the
microphones response to the mechanical shock.
We conclude that small, cheap and commercially available microphones are good diagnostic
tools for implosions. They have good sensitivities for fast leakage processes in vacuum
systems. They allow initiating safety precautions like closing valves or switching off power
on instruments before the gas arrives. Of course one has to install these sensors close to
potential leak positions in order to avoid spreading out of the gas shock wave unobserved
over long distance. Slow deterioration of the vacuum can also be seen on the microphones.
But here the standard vacuum measurement devices are more useful.
Fig. (5.6.6) the response of the microphones on a mechanical shock (22g iron falling 25cm
down on the middle of the 225cm long vacuum tube between m_1 and m_2).
(a) Microphones mounted with soft suspension with an additional 10 g damping mass.
(b) Microphones mounted on a 5 cm long wires.
(a) (b)
0.2 V
10
ms
10
ms
Mechanical shock with 5cm long wiresMechanical shock with suspension+10 g
1.0 V
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6. Aspects of Cool down Time
6-1 Estimation of the Cool down Time
A reasonably precise and simple guess of additive cool down times for additional materials in
the target setup can be obtained by using the ratio of the integral dTTC
K
K
300
20
)(  of the
temperature dependent specific heat ( )TC in ((W⋅s )/(g.K)) and an average cold head cooling
power of 4.6W  (cold head RGD 210).
The integral dTTC
K
K
300
20
)(  has the value 170 (W⋅s)/g for aluminum, 79 (W⋅s)/g for copper and
81(W⋅s)/g for pure stainless steel [92].
Division of these numbers in (W⋅s)/g by the average cooling power (4.6 W) of the cold head
gives the cool down times per gram from 300K to 20K. For aluminum, copper and stainless
steel they are 37 s, 17.2 s, and 17.6 s respectively.
The cool down time of the well-isolated cold head alone under standard conditions in vacuum
for RGD 210 cold head from 300K to 20 K is 0t  = 33 minutes.
If the thermal load due to radiation is ignored, the cool down time with additional
components (masses) attached to the cold head increase this time by
additit  ≈ massW
dTTC
K
K
⋅
6.4
)(
300
20
The total time needed is
                  totalt  = 0t  + additit                                                              (6.1)
  We note that if additit  << 0t  then no more improvements are needed.
6-1-1) Condenser
Using aluminum condenser instead of copper condenser in the LH2/D2 heat pipe gave clear
improvements due to its better thermal conductivity and lower heat capacity. The cooling
down is faster. Table (5.2.1) shows the condenser cool down time experimentally to the LH2
temperature.
• Aluminum condenser
Here the estimated total cool down time for the cold head and additional aluminum condenser
with weight 9.8g is
)( ALtotalt  = 33 (min) +(9.8(g) x 37.0(s/g)) = 39.0 min.
In good agreement with the experimental value (38 min) shown in table (5.2.1)
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• Copper condenser
For the cold head and additional copper condenser with aweight 74.6g is
( ) .)(min54)/(2.17)(6.74(.)(min33)( =×+= gsgt CUtotal
Are estimated compared with 52 minutes found experimentally (table (5.2.1)).
Table (6.1) summarizes the estimated and experimental cool down times for aluminum and
copper condensers with the RGD 210 cold head
Table (6.1) the experimental and theoretical cool down times for Cu and Al condensers
Copper condenser Aluminum condenser
Experimental cool down time(min.) 52.0 38.0
Estimated down time (min.) 54.4 39.0
6-1-2) 7mm Diameter Heat Pipe
An estimation for the total cool down times for the cold head, the aluminum condenser and
additional 7mm diameter heat pipes (standard, 2m long and cold gas heat pipes) can be done.
The cool down time for 20g-aluminum condenser is 12.5 minutes, it is common for all 7mm-
diameter heat pipes.
• The Standard heat pipe (32.5cm) has in addition 13.1g stainless steel mass. The estimated
total cool down time )(SHPtotalt  is
)(SHPtotalt  = 33 (min.) +12.5 (min.) + (13.1 (g) x 17.6 (s/g)) =49.3 min.
Compared with an experimental value of 46 minutes (table (5.3.5)).
• The 2m long heat pipe has an additional weight of 41.74g stainless steel. The estimated
total cool down time )2( mHPtotalt  is
)2( mHPtotalt  = 33 (min.) +12.5 (min.) +(41.74 (g) x 17.6 (s/g)) =57.7 min.
Which is only 54% from the experimental value (107 minutes) (fig. (5.3.7)).
The reasons for this big difference between the experimental and estimated cool down time
for the 2m long-7mm-diameter heat pipe are:
1. The long path of the liquid from the condenser to the evaporator which causes clear
instabilities during cool down time of the inner plastic tube which guides the liquid.
2. The heat pipe isolation losses is somewhat higher (around 0.18W).
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6-1-3 Cold Gas Target
The cold gas target used a modified standard 32.5cm long –7mm diameter heat pipe with two
gas inputs. The estimated total cool down time )(CGHPtotalt  for the cold head, 20g aluminum
and now 15.0 g stainless steel in the heat pipe is
)(CGHPtotalt  = 33 (min.) +12.5 (min.) +(15.0 (g) x 17.6 (s/g)) =49.9 min.
The experimental cool down time is 47.5 minutes.
Table (6.2) summarizes the estimated and experimental observed cool down with the RGD
210 cold head.
Table (6.2) the experimental and estimated cool down times for standard,
2m-long heat pipe and the cold gas targets.
Standard HP 2m long HP Cold gas HP
Experimental cool down time(min.) 46.0 107.0 47.5
Estimated cool down time (min.) 49.3 57.7 49.9
6-2 Future Changes and Improvements
6-2-1 Different Shapes of Heat Pipes
Up to now straight heat pipes in different lengths, inclination angles with respect to a
horizontal beam and diameters were tested and used. See table (6.3) for a summary.
Table (6.3) heat pipes diameters and length
Heat pipe length
Inclination angle 16 mm diameter HP 7 mm diameter HP
40o 32.5 cm 32.5 cm
40o 100 cm ---------
90o 200 cm 200 cm
The heat pipes with these shapes worked successfully.
Heat pipes with different shapes can be developed to match with the possible other
requirements. We can use for instance curved heat pipes with different inclination angles
fitting into more complex detector setups.
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6-2-2 Ceramic Condenser
An optimized condenser material should have low weight and heat capacity and a high
thermal conductivity. Therefore the copper condenser used previously was exchanged with
aluminum. Aluminum proved to have better thermal characteristics. There might be
advantages in using ceramic materials. They have a lot of different compositions with
varieties in density, heat capacity and thermal conductivity.
Table (6.4) summarizes some ceramic names and characteristics.
Table (6.4) Ceramic different materials and characteristics.
No. Martial Name Density
(g/cm3)
Heat
capacity
(J/g.co)
Thermal
conductivity
(W/m.K)
1 96% Silica Glass 2.18 0.75 1.38
2 Graphite, carbon, C 2.25 0.69 24
3 CeramTec Grade 665 Steatite (Mgo-Sio2) 2.8 1.1 5.9
4 CeramTec Grade 447 Cordierite (2MgO-
2Al2O3- 5SiO2)
1.8 0.7 1.7
5 CeramTec Grade 645 Steatite (Mgo-Sio2) 2.7 1.1 5.5
6 Diamond, Natural 3.51 0.4715 2000
7 CeramTec Grade 547 Cordierite (2MgO-
2Al2O3- 5SiO2)
2.3 0.7 1.6
8 Corning MacorMachinable Glass Ceramic 2.52 0.79 1.46
9 Advanced Ceramics Corp.
PolarThermTMPT350 Boron Nitride Filler
2.25 0.794 266-284
10 Speciality Materials SCS-6 Silicon Carbide
Monofilament
3 0.71 150
11 Aluminum for comparison(from 300K-80K) 2.71 0.75 250
From table (6.4) we can select certain material construction, which approach the
characteristics of aluminum. Then we can make experimental tests to check also the
characteristic and the behavior at low temperatures.
6-3 Possible Improvements
6-3-1 Thinner Beam Windows of the Target Cell
For thinner targets (which are of interest for highest resolution) the background from
windows becomes relatively higher. Thinner windows can be reached with smaller cell
diameters. This is possible since the COSY external beams were developed with diameters
≤1mm. We may build cells with ≤ 3mm-diameter aperture. The minimum foil thickness,
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which we can use safely depends on the target cell diameter d, the pressure difference across
the foil P, the foil strength S and the foil curvature angle α when the foil is under pressure
[11].
αcos_ min ⋅
⋅
≈
S
dP
thicknessfoil imum
From this equation one can decrease further the foil thickness by decreasing the target cell
diameter. For example by using a 3mm-diameter target cell one can then use 0.45 µm foil
thickness instead of 0.9 µm.
Another way to reduce window thickness is to reduce the pressure difference across the
windows below 200mbar. This is easily done by reducing the weight on the pressure
stabilizer. Of course one has to stay above the triple point pressure of the target material
(table (4.1)). We know from the experience with deuterons that we can operate about 30 mbar
above the triple point in a more and more narrow temperature difference between the freezing
and boiling points. Clearly the temperature fluctuations of the cold head are the important
limiting factors. Stable cooling machines are needed for extremely thin windows.
6-3-2) The Temperature Gradient in the Cold Gas Target Cell
The principle of our cold gas target is to have a LH2 liquid jacket around a gas cell. The LH2
temperature is around 20K (the H2 gas at 1.1.atmosphere has a boiling point of 20.6K (see
appendix B)) and the D2 gas has direct contact through the cell walls. The wall temperature
will have the LH2 temperature i.e. 20 K. The temperature gradient inside the D2 cell depends
on the gas heat conductivity and the possible convection. The highest temperature will be
close to the windows and centered on the middle of the D2 gas cell, just in the reaction
volume overlap with the proton beam. We do not know how big the temperature difference
is. It can not be too big because we see a pressure drop when LH2 jackets the gas cell, which
indicates low temperature everywhere in the cell. For better and precise diagnostic, we can
use the COSY beam interactions (count rates) or the optical interference with laser
interferometer. The refractive index of cold deuterium gas in our target lies in the order of
001.1=deuteriumn (if order of per mile then O.K.). if it is hot, then deuteriumn  goes down to 0.1
per mile, that means that our 6 mm long gas cell makes a phase shift of ( )( )16 −× deuteriumnmm
≈0.6µm to 6.0 µm. (or one to 10 wave lengths of a He-Ne laser) depending on gas
temperature. This can be seen in interferometers. Radiation heating of the cold gas can be
reduced by making aluminum mirror evaporation on the target windows.
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7- Further Applications for the Liquid Hydrogen
7-1- The Use for COSY Experiments
7-1-1) Heat Pipes with Different Shapes
The 2m long- 7mm-diamtere heat pipe has already proven to work. For that we have to make
a vertical target appendix which has 90° with the direction of the beam. It can go to TOF big
tank, which is a new application. It is necessary to decrease the cool down time and the
temperature difference between the condenser and the evaporator. The LH2 total cool down
time from room temperature to LH2 temperature is 107 minutes. The LD2 operation worked
also in that facility, but for real application one still should reduce the temperature drop along
the 2m-long heat pipe.
So far we have only used straight heat pipes, we do not see any problems to make gravity
assisted heat pipes, which have s shape or even more complicated curvature as another
aspect for the long heat pipe. Provided that the liquid in the central tube goes always down
which in a normal detector open the possibility to snake through with the heat pipe into the
target position without making big holes in the detector itself. From the result of working the
2m long heat pipe, it makes also the confidant that the bent-curved heat pipe may work also
as well.
7-1-2) Target Cells with Different Shapes and Thickness
We have used in routine operation 2, 4 and 10mm target cell thickness. 2mm-target cell
thickness has been used to avoid energy losses of reaction particles in the target; the
following reactions required a 2mm-target cell.
pd → 3He πo
pd → 3He η
4 mm-target cell thickness has been used as a compromise between energy losses and cross
section of reaction particles in the target; the following reactions required a 4mm-target cell.
pp → d π+
pp → p p πo
10 mm-target cell thickness has been used for low cross section measurements and high count
rates, the following reactions required a thicker target (10mm-target cell).
pp → K+ p Λ
pd → 3He  πo    
pd → 3H  π+
Further development in the cell shapes with the goal to reduce the window thickness, is to
reduce the window thickness by reducing the diameter of the window. This allows for using
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thinner Mylar foil thickness (less than the used thickness now 0.9µm). The diameter
reduction is also interesting because it might allow reducing the overall shadowing effect.
The transverse hydrogen is reduced and then one can reduce the thickness of the copper
deposit, our 40°-inclination angle of the heat pipe and the corresponding target neck. For the
vertical targets we have to change the copper cell.
7-1-3) Cold Gas Target for TOF
To be able to measure low energy spectator particles in pd interactions, we need very thin
targets to decrease the energy losses (≤10% energy reduction for 1 MeV spectator protons).
To achieve such thin targets we have three possibilities.
• The first is to use 0.002mm thick target cells filled with liquid deuterium. Technically this
seems impossible.
• The second is a cold gas target. We have a first version working. We use cold deuterium
gas at a temperature slightly higher than the boiling point (appendix B). The D2 gas of
200mbar pressure is inside a LH2 jacket at 20K. The D2 density at 200 mbar and 20 K is
0.5 x10-3 g/cm3. Using 6-mm cold gas D2 target thickness with this density will decrease
only 10% of the energy of a 1 MeV spectator.  The thickness of 20K-deuterium gas at
200mbar with a 6mm-target cell is 0.3 mg/cm2. It is 54 times lower than using 1mm target
cell filled with LD2.
• The third is an alternative to the cold gas target. It is a higher pressure at room
temperature gas target, which gets the same density. If we used 2.5 bar pressure in a
container (bubble) which stands 2.5 bar pressure (room temperature gas), we will have
the same density of the cold gas target. This type of bubble target would be much simpler
alternative for the tagging experiments than the cold gas target.
7-2 Using LH2 in Other Facilities
7-2-1) Cherenkov Counters
At a given momentum P the velocity β =υ/c of a particle with mass m is
β =
22 Pm
P
E
P
+
= .
In a transparent medium Cherenkov light is created as soon as the particle velocity β  is
larger than the speed of light c  in the optical medium.
medium
light
light
nc
1
== βυ
Where n  is the refractive index of the optical medium.
There is a velocity threshold above which Cherenkov light is emitted. This allows
distinguishing particles with different mass and identical momentum. That is called
Threshold Cherenkov counters with specifically selected refractive index, which can make
pion/kaon or kaon/proton particle identification at the same momentum.
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Separation of particles velocities above and below β =0.9 needs a radiator with 11.1=n
which is just the refractive index of liquid hydrogen. A path of 1 cm in liquid hydrogen can
be sufficient for a good (π/Κ) distinction provided that the Cherenkov lights collection is
efficient [93].
Liquid deuterium has the same refractive index value 1.11, but it is much less advantages
because it has higher hadronic cross section, which leads to that the Cherenkov counter does
interactions, such Cherenkov counters should not make interactions. So liquid hydrogen is
very well suited for β =0.9.
For lower β =0.7 in the threshed, which means a refractive index 4.1=n  we need other
materials like Plax-glass (has lower density) or glass (has much higher density, much more
hadronic interactions). But for higher β =0.99 like in extremely high-energy experiments, we
will need gases. The gas Cherenkov counters are around 5 meter long in order to get enough
light.
A threshold counter with liquid hydrogen was used in an experimental program. It is sketched
in fig. (7.1) in reference [94]. R. Bertini et al used liquid hydrogen as a Cherenkov counters
to identify the kaons and pions (K-, π-). They used two LH2 Cherenkov counters, the first
before the target and the second behind the target. A vacuum box houses the target and the
twin Cherenkov counters with LH2 as radiator. The refractive index of LH2 is n =1.112,
which allows discrimination between kaons and pions in a momentum range from 300 to
1000 MeV/c.  The two radiator cells are made out of 170 µm thick Mylar. Additional layers
of aluminized Mylar with a total thickness of about 400µm were used for thermal isolation.
The two radiator cells (4 cm in diameter) contain a thin inclined mirror foil to improve the
light collection in the direction of the cylinder axes. Each single cell is viewed by two photo-
multiplier tubes. On the average, 8 photoelectrons were collected per radiator cell for a
passing pion. The inefficiency for pion identification was less than 5 x 10-4. Further
applications of liquid hydrogen Cherenkov counters are mentioned in references  [9,93].
A first attempt to make a small liquid hydrogen target with very thin windows was made at
CERN [9]. In addition they coupled optically the target to a Cherenkov light read out for veto
applications. They obtained very clean trigger conditions. Furthermore, with this Cherenkov
active LH2 target, the experiment PS185 could measure at LEAR various hyperon-
antihyperon production channels in one setup at the same time.
P.Spillantini [93] used a liquid hydrogen counter, which could be moved in the direction
perpendicular to the beam in a CERN SPS experiment. It consists of a cylindrical (lightly
conical) cell, placed with its axis perpendicular to the direction of the incident beam. The cell
was viewed along its axis by a 56 DVP Philips photo-multiplier through a light pipe in
vacuum and a Perspex light pipe
Our very small heat pipe systems may allow very well adapted low mass liquid hydrogen
Cherenkov radiators which produce a minimum of unwanted hadronic reactions and allow for
good optical connection to the necessary photo multipliers.
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Fig. (7.1) Example for a liquid hydrogen Cherenkov counter arrangement
7-2-2) LH2 as a Car Fuel
As a result of trying other energy sources, LH2 was found as an alternative for transportation
fuels [95-96]. Hydrogen fuel cells hold great promises as an alternative to conventional
internal combustion (IC) engines in vehicles. Important issues that remain to be resolved, are
onboard hydrogen storage and the energy density. At ambient pressure and temperature, the
energy content of hydrogen is only 1/3000 of that of gasoline. Storage systems that increase
fuel density also result in additional weight and volume above that of the fuel alone,
impacting overall vehicle performance. Then how do we store sufficient hydrogen onboard to
achieve performance comparable to gas-powered vehicles in terms of vehicle range, weight,
and usable payload volume. Hydrogen shares the requirement for greater than ambient
storage density with other gaseous fuels such as natural gas and propane. However some
unique aspects associated with hydrogen affect storage system considerations.
1- Although hydrogen can be stored as a liquid like propane, its low boiling temperature
(20K at ambient pressure) requires effective cryogenic insulation methods.
2- Hydrogen also requires greater densification than typically used with other fuels to meet
onboard storage requirements.
3- In addition to compression and liquefaction, hydrogen can be stored by chemical
methods, offering a high-density storage alternative.
The total energy content of gasoline is 31MJ/liter. Liquid hydrogen in the other hand has
lower energy density (8 MJ/liter at ambient pressure) due to the looser packing of hydrogen
molecules in the liquid state.
Automakers have identified target energy densities of 6-12 MJ/liter of storage device and 6-
12 MJ/kg of storage device to satisfy market driven requirements. The three conditions of
hydrogen were considered.
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• High pressure gas storage. Nearly all hydrogen-fueled vehicles currently being
demonstrated use high-pressure gas cylinders for onboard storage because they are
lightweight, straightforward to apply, and commercially available. At 5000 psi the energy
density is only about 2.75 MJ/liter, is below the lower target level. At 10000 psi, the
energy density still lower than the lower target level.
• Liquid hydrogen storage. It provides the highest storage density per unit volume of any
of the storage options in practical systems. It is also reasonably low in weight. Ample
evidence exists that cryogenic systems can be safely used and refueled on a vehicle.
Important issues that must be resolved for this storage method to be accepted are control
of boil-off, which impacts both storage efficiency and safety, and the additional energy
cost associated with liquefaction.
• Solid state storage. The chemical reactivity of hydrogen provides several solid state
storage options. Hydrogen is packed closest in chemically bonded structures that can
yield energy densities of 10—12 MJ/liter. This storage option provides the potential to
achieve the highest energy densities of all storage technologies and has the added
advantages of being inherently low pressure and not requiring cryogenic techniques.
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8. Conclusion
In this study, developments have been done for the LH2/LD2 target at COSY. We reduced
further the mass of construction materials in the target system. The cool down times from
room temperature to LH2 or LD2 temperature and the condenser temperature fluctuations
were further reduced. In the future one should still try to reduce the material further.
• Copper has been replaced by aluminum as heat conductor and condenser material. This
decreased the masses and the heat capacity and it provided much higher thermal
conductivity. Aluminum is by far the best material we found for conductors in the LH2
temperature range.
• Instead of the so far used 16mm diameter heat pipe, we developed as standard a pipe with
7mm diameter. We kept the condenser part diameter at 16mm to leave enough
condensation area. The total mass was decreased to 70%. The cool down time was
decreased to 44% as expected. The 7mm pipe has lower heat capacity, higher heat
transfer rate, less radiation heating from the surroundings due to the smaller surface, and
higher vapor speed, which makes the heat pipe response faster and more sensitive.  A
further reduction of the heat pipe diameter could provide further improvements. A
problem to be studied is the liquid transport down wards in the central tube.
• A 2m long heat pipe with 7mm diameter adiabatic section has been developed (e.g. for
future measurements in the middle of the TOF tank). Tests with our four working gases
H2, D2, N2 and CH4 were successful. The LH2 cool down time is decreased to 33%
compared to the 2m long-16mm diameter heat pipe. Metallic conductors (copper,
aluminum or silver) of 2m length would not work with our cooling machines. The long
heat pipe is a powerful and attractive development for TOF or WASA at COSY. One can
even consider making curved heat pipes following more complicated tracks through
detectors.
• Our old cooling machines have temperature fluctuations up to ≈ 0.4 K peak to peak. In
worst case this prevents LD2 liquefaction. A reduction of 0.4K fluctuations at LD2
temperature (the worst case machine) down to 0.14K peak to peak was achieved by using
a thermal resistance between the cooling machine and the condenser of the heat pipe and
a regulated heating power. More modern cooling machines might provide better stability.
• A cold gas target has been designed and developed for spectator proton observation in
quasi-free proton-neutron interactions in pd scattering. A usual 7mm-diameter heat pipe is
used to cool D2 gas by an LH2 jacket. Deuteron gas is connected to the 200 mbar
stabilized standard gas reservoir thus allowing for very thin windows. The hydrogen gas
is kept in a calibrated rubber balloon at 1100-mbar. The gas diffusion through the rubber
balloon has still to be prevented e.g. by an external protection jacket around the balloon
filled with hydrogen gas. The same D2 gas target performance might be reached by using
a 5mm-diameter sphere or cylinder with a 1 µm Mylar wall thickness filled with 3-bar D2
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gas. If such a thin wall container can be made then the target handling would be much
simpler and the total weight still smaller.
• An automatic control system for the COSY-TOF vacuum components (ACS) has been
developed and installed based on SIMATIC S7 and Windows Control Center. A control
program with safety interlocks and a comfortable human-machine interface was
developed. It allows for future extensions of the COSY-TOF vacuum system. One can
consider to integrate the cryo target control as well into the SIMATIC S7 system.
• Electret microphones are proven to be fast and sensitive leak sensors for the TOF vacuum
system and the beam pipe between the TOF and the COSY ring. They are much cheaper
and three orders of magnitude faster than the normal vacuum measurement devices. One
should install the monitor microphones in the TOF beam pipe and may be also use them
in COSY ring.
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10. Appendices
Appendix A: Cryogenic cooling Unit
Figure A.1 (a) shows the RW2 water-cooled compressor and the cold head. They are
connected over large distances (up to several meters) by flexible pressure tubes which
provide a helium flow with 22 bar high pressure inlet PH  and 7.5 bar low pressure return PL.
The pressurized helium is a cooling agent and power source in the cold head.
The parameters of the compressor are:
Helium filling pressure at room temperature:16 bar
Operating pressure on high-pressure side at 50 Hz 22 bar
Cooling water consumption 2.5 l/min.
Maximum admissible water temperature (intake) 25 0C
Power consumption, 50 Hz 1.8/2.   KW
Figure A.1 (b) shows the internal structure of the cold head. It can be mounted in any
operating position. It is a 2 stage system with a periodic operation cycle containing an
expansion volume and regenerator in each stage. The high-pressure and low-pressure helium
gas is led to the expansion volume via the regenerator. The regenerator is a heat exchanger
where the entering warm helium gas is precooled to the temperature at which the regenerator
was cooled by the expanded gas leaving the expansion chamber which makes contact to the
cooling surface.
Figure A.1 (a) Compressor unit, pressure tubes and connected cold head, (b) cold head
(schematic diagram) with expansion volumes (7, 12), regenerators (6, 11), first stage of
cooling (8) and second stage of cooling (13),{Leybold AG [69]}.
(a)
(b)
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The performances of the cold head: The 1st stage lowest achievable temperature is 35 K and
the 2nd stage is 10 K at. The cooling power is 8.5 Watts at room temperature and is 0.4 Watts
at 10 K. The cool down time of the 2nd stage from room temperature to 15 K is 35 minutes
Figure A.2  (a) The Gifford-McMahon principle schematic drawing, (b) pressure-volume
             diagram.
The Gifford-McMahon principle can be divided into 4 steps:
1st Step: The displacer is on the left-hand side of the expansion volume V, which in this
position corresponds to the dead volume. The low-pressure side is blocked by the respective
valve position and the high-pressure side is opened. In the PV Diagram this means a rise from
low pressure PL toward high pressure PH at constant minimum volume Vmin.
2nd Step: The displacement piston is drawn back, with the high-pressure valve open, whereby
the volume V at constant pressure PH increases to its maximum value.
3rd Step: The high pressure valve is closed and the low pressure valve is opened. The helium
gas expands from pressure PH to pressure PL at constant volume Vmax.
4th Step: At constant pressure PL, the displacer is brought to its initial position whereby the
helium gas cycle is completed.
The theoretical value of the transferred amount of heat during one cycle corresponding to the
rectangular area in the PV diagram is:
                        Qideal = ( Vmax – Vmin )( PH – PL )
The helium gas is compressed from approx. 7.5 bar (PL) to approx. 22.0 bar  (PH) by the
compressor. whereby the helium is heated to approx. 100 0C , it is therefore passed through a
water-cooled heat exchanger fitted directly behind the compressor, where the temperature of
the gas is reduced to approx. 15 – 20 0C.
 
V
high pressure (PH)
low pressure (PL)
PL
PH
1st
2nd
3rd
4th
vmin Vmax.
expansion chamber
Regenerator
Piston
(a) (b)
P
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Appendix B: Phase Diagram of H2 and D2
Figure B.1 Phase diagram of hydrogen and deuterium where the liquid phase ranges at 200
mbar for hydrogen from 13.95 K to 15.95 K and for deuterium from 18.8 K to 19.1K. The
lowest possible pressure of hydrogen is 71 mbar and for deuterium 171 mbar.
Appendix C: Phase Diagram of N2 and CH4
Figure C.1 Phase diagram of nitrogen and methane where the liquid phase ranges at 200 mbar
for nitrogen from 63.2 K to 66 K and for methane from 90.7 K to 95.2 K. The lowest possible
pressure of nitrogen is 125 mbar and for methane 117 mbar.
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Appendix D: Thermal properties for H2, D2, N2, CH4, 3He, 4He, and air [70]
P-H2 at boiling
point 20.384K
And 1 atm.
D2 at boiling
point 23.57 K
And 1 atm.
N2 at boiling
point 77.347 K
And 1 atm.
CH4 at boiling
point 111.63 K
And 1 atm.
Liquid density ρι [kg/m3] 70.779 162.4 808.607 422.62
vapor density ρν [kg/m3] 1.3378 2.5 4.614 1.819
Ratio ρι/ρν 52.9 64.96 175.25 232.336
Latent heat of vaporization Hfg
[Kcal/kg]
108.5 72.7 47.459 121.86
Liquid entropy Sι [Kcal/kg.K] 1.9066 0.6782 1.1789
vapor entropy Sνι [Kcal/kg.K] 7.1622 1.2923 2.2703
Liquid heat capacity (cons. P)
Cpι [Kcal/kg.K]
2.316 0.4929 0.8351
Vapor heat capacity (cons. P)
Cpν [Kcal/kg.K]
2.904 0.2682 0.8313
Liquid heat capacity (cons. V)
Cvι [Kcal/kg.K]
1.372 0.2372 0.4915
Vapor heat capacity (cons. V)
Cvν [Kcal/kg.K]
1.555 0.1841 0.4926
Liquid enthalpy hι [kcal/kg] -61.243 -29.0126 68.295
vapor enthalpy hν [kcal/kg] 45.25 18.4463 190.155
Liquid surface tension σι
[dyne/cm]
1.95 8.85 13.7
Liquid viscosity ηι [poises] 13.2 x10-5 153.409 x10-5 102.5 x10-5
vapor viscosity ην [poises] 1.131 x10-5 5.4124 x10-5 4.497 x10-5
Liquid thermal conductivity λι
[cal/cm.s.K]
23.64 x10-5 32.6409 x10-5 49.15 x10-5
Vapor thermal conductivity λν
[cal/cm.s.K]
4.047 x10-5 1.8013 x10-5 2.88 x10-5
3He at boiling
point 3.19K
And 1 atm.
4He at boiling
point 4.224 K
And 1 atm.
Air at bubble
point 78.8 K
And 1 atm.
Air at dew point
81.74 K
And 1 atm.
Liquid density ρι [kg/m3] 59 124.96 876.21 861.94
vapor density ρν [kg/m3] 24 16.891 3.2711 4.4848
Ratio ρι/ρν 2.458 7.398 267.864 192.1914
Latent heat of vaporization Hfg
[Kcal/kg]
2.019 4.878 48.76 48.04
Liquid entropy Sι [Kcal/kg.K] 0.7407 0.727
vapor entropy Sνι [Kcal/kg.K] 1.3418 1.3255
Liquid heat capacity (cons. P)
Cpι [Kcal/kg.K]
0.4458 0.4501
Liquid enthalpy hι [kcal/kg] -30.384 -29.109
vapor enthalpy hν [kcal/kg] 18.38 18.927
Liquid surface tension σι
[dyne/cm]
0.023
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LH2 density (kg/m3) as function in the pressure and the temperature
Temperature (K) Pressure(bar) Density ρ (Kg/m3)
13.803 0.0704 77.019
14.444 0.1008 76.479
15.555 0.176 75.505
16.667 0.2875 74.487
17.778 0.4444 73.415
18.889 0.6569 72.285
20.0 0.9350 71.086
20.268 1.01325 70.779
The Viscosity of LH2, LCH4 and LN2
Viscosity(x10-5 poise) 26.06 23.8 20.8 18.45
LH2 Temperature (K) 13.8 14.4 15.5 16.0
Density (g/cm3) 0.077 0.0765 0.0755 0.0751
Viscosity(x10-5 poise) 292 282 259 237
LN2 Temperature (K) 63.148 64 66 68
Density (g/cm3) 0.867 0.864 0.856 0.848
Viscosity(x10-5 poise) 184 168.9 139.1 117.9
LCH4 Temperature (K) 94 98 102 106
Density (g/cm3) 0.447 0.441 0.436 0.430
Appendix E: Electronic components
• Silicon-diode (DT-470-SD-13, Lake Shore Cryotronics, USA). The diode gets a constant
small current in a forward direction of 10 µA ± 0.05 %. The output voltage is temperature
dependent (0.0906 to 1.698 volt). It is calibrated to temperature range from (475 K to 1.4
K). The diode has a resolving power dV/dT which ranges from -38 mV/K in the
temperature range lower than 10 K,   –25 mV/K in the temperature range from 10 to 20
K, and -2.5 mV/K in the temperature range from 20 to 475 K.
• Thermocouple element, it is an Iron-Constantan (Fe-Cu Ni type J) wire. The output
voltage is –8731.7 mV to 1443.0 mV corresponding to 1.4 K to 300 K. it uses reference
point and measuring point. The reference point of the thermocouple is placed on the
condenser, which carries the Si-diode thermometer.
• Setra, model 204, it is a gas pressure measurement. The output of the gauge is from 0.0 to
5.0 volts, linear calibrated to pressure from 0.0 to 1700 mbar with a nonlinearity of
±0.07% and an accuracy of ±0.11% of the full scale output.
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Appendix F: ACS flow charts (Automatic START High Vacuum from atmosphere)
                                                                                             NO
                                                                       YES
NO                                                                  YES
                                                                                            NO
                                                                         YES
                                                                                           NO
                                                                        YES
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Automatic STOP HIGH VACUUM
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START FORE-VACUUM
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